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ABSTRACT 
The hematopoietic stem cell niche is a specialized bone marrow (BM) microenvi-
ronment where blood-forming cells reside. Interactions between these rare cells and 
their niche need to be studied at the single-cell level. While live animal cell tracking 
with optical microscopy has proven useful for this purpose, a more thorough charac-
terization requires novel approaches. This can be accomplished by using an integrated 
optical platform for cell and tissue manipulations (cell transplantation and mctrac-
tion) in the skull bone of live mice. The platform integrates a non-damaging laser 
ablation microbeam for bone removal and tissue cutting, optical tweezers for single 
cell trapping, and a video-rate scanning microscope. For single cell delivery, a narrow 
channel is ablated through bone under imaging guidance. Cells are then transferred 
from a micropipette into an optical trap, which brings cells into the BM through the 
channel. The survival and proliferation of implanted cells can be tracked in vivo by 
imaging. For cell extraction after laser bone thinning, different approaches can be 
implemented and t hree of them are presented. 
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Chapter 1 
Introduction 
1 
Biophotonics is a vast field. It encompasses all technologies and approaches combining 
biology and photonics. Photonics is a term derived from the greek word "photos" , 
which mean light . It describes the field that exploits light in the design of system. In 
this context , photons are the equivalent of electrons in electronics. It is a common 
misconception that photonics exclusively refers to domains where light is treated in 
quanta. In fact, photonics refers to the generation, detection and manipulation of and 
with light [Thchin, 2012]. Biophotonics should also be distinguished from biomedical 
optics. The key element of the distinction is that biophotonics is not limited to 
biomedical or clinical applications. However , most developments in biophotonics are 
related to biomedical applications [Svanberg, 2013], and the terms are hence often 
used interchangeably. 
To provide an insight into biophotonics listing a few examples is helpful. The 
generation of light by cells through the expression of fluorescent proteins, such as 
the green fluorescent protein (GFP) , is one of the most widely spread biophotonic 
technology [Roda, 2010]. This example of biological light generation has been brought 
to an extreme and used to make a bio-laser [Gather and Yun, 2011]. Light can also 
be detected by cells. The rods and cones on our retina are a natural occurrence 
of biological light detectors, but cells can be genetically engineered to produce light-
sensitive ion channels [Boyden et al. , 2005]. Treatment of diseases by killing cells with 
light was also achieved using a technique called photodynamic therapy [Celli et al. , 
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2010]. Light interacts with biological tissue in many other ways, but the goal here is 
not to enumerate them all. Nevertheless, I'm obliged to add that the scattering of 
light by biological tissue, and all derived imaging technologies, has a central part in 
biophotonics. 
This thesis is about one specific aspect of biophotonics: the manipula-
tion of biological tissue with light, or optical manipulations. Manipulations 
refer to the act of handling or changing an object in a controlled manner with a 
specific purpose. The two basic optical manipulations to be discussed relate to mi-
croscopic scale phenomena, and can adequately be classified as micromanipulations. 
The first micromanipulation is the optical trapping and positioning of single cells 
with optical tweezers. Optical tweezers consist of a tightly focused laser beam that 
has the ability to move and maintain a circular object, such as a cell, close to its 
focal location [Ashkin et al., 1987]. The second micromanipulation, laser ablation, 
is similar to the first one in implementation. A tightly focused laser beam, but with 
a much higher photon density, is sufficient to remove material in the focal region. 
Biological tissue can thus be ablated using laser [Berns et al., 1981]. 
The development of novel optical micromanipulations is not described in this work. 
This thesis project aims to integrate together existing optical micromanip-
ulations and optical imaging techniques. The combination of optical tools does 
not simply yield a platform where components can be used sequentially. A true inte-
gration results in the emergence of second order manipulations. Optical tweezers and 
laser ablation are combined together with optical scanning microscopy in such a way 
that the transplantation of cells from live animals and extraction of cells is achieved 
on a single, integrated optical platform. Both cell transplantation and extraction are 
macromanipulations of biological material. The new level of manipulation is therefore 
macroscopic. 
3 
Together, optical cell transplantation and extraction find relevance in the study 
of the hematopoietic system. This system possesses a population of stem cells that 
has the ability to generate all immune and blood cells [Till and McCulloch, 1961 , 
Becker et al., 1963]. Hematopoietic stem cells are found in the bone marrow and 
reside in specialized microenvironments that regulate them [Morrison and Scadden, 
2014]. Massive efforts are being made in order to characterize this microenvironment 
because a more complete characterization would provide fundamental insights for 
the development and improvement of stem cell related clinical and biotechnological 
tools [Mercier et al., 2012, Wilson and Trumpp, 2006]. 
1.1 Outline of thesis 
The main advantage of performing cell transplantation and extraction optically is 
that single cell manipulations within a whole animal are enabled. In vivo single 
cell methods are particularly relevant for the studies of stem cells. Stem cells are the 
central players in regenerative medicine, a field where the hematopoietic system leads 
the way. For this reason, the optical platform was developed specifically for manip-
ulations related to the hematopoietic system. A more complete biological rationale 
behind the development of optical cell transplantation and extraction is provided in 
Chapter 2. This chapter also gives most of the biological background necessary for 
the reading and understanding of this work. 
The following chapter completes the background by introducing the theory be-
hind the technical components of the optical platform (Chapter 3). The optical 
platform integrates an optical scanning microscope, optical tweezers and a laser abla-
tion microbeam. The physics is discussed in the context of biophotonics and selected 
embodiments are placed in a historical framework. Discussing the evolution of the 
technologies is particularly relevant as it provides an insight into specific advantages 
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of the chosen tools. 
The instrumentation and physical characterization of the optical tools is done 
separately from the description of how the tools are used for macromanipulations. 
All optical components are first described in details (Chapter 3). This chapter as 
well describes other optical platforms that were used to assess the outcome of macro-
manipulations and general biological methods, especially how cells were obtained for 
transplantation. 
The single cell transplantation, or delivery, constitutes the most substantial ex-
perimental component of this thesis (Chapter 4). First, the method for delivering 
single cell directly into the bone marrow of live mice is presented. Then, the results 
from the investigation of the possible deleterious effects of light on the biological sys-
tem are discussed. Using the experimental parameters minimizing negative effects of 
light on biological tissue, multiple cell delivery were conducted. Different cell types 
were delivered, but all related to the hematopoietic system. The cell delivery process 
is very similar for all cell type , but the assessment of their fate reveals that different 
cell types behave differently after local transplantation. 
Although the central theme of this work is optical micromanipulations, it will 
become evident in the first chapters how optical microscopy has became a crucial 
technology in the study of the hematopoietic system. To bring closer micromanipu-
lations and bone marrow imaging, Chapter 5 will be devoted to bone thinning with 
laser ablation as a method to improve the optical access to the bone marrow. While 
a proper characterization of the improvement in optical imaging is important, this 
chapter is essential because it describes an usage of optical micromanipulations that 
can be incorporated in everyday experiments. 
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Finally, the extraction of single cell directly from the bone marrow is presented 
as a discussion (Chapter 6). A great number of approaches are available due to 
the versatility of the laser microdissection scheme developed. Nevertheless , only a 
few of them can work successfully. Most importantly, different cells require different 
extraction methods because of the location or of their interaction with other bone 
marrow components. The discussion is therefore centered on the extraction process 
and not on the extracted cells. 
Chapter 2 
Background 
6 
2.1 Stem cells and their niche 
Stem cells play a critical role in tissue function and maintenance. They are defined 
functionally by their ability to self-renew and differentiate into multiple cell types 
[Orkin, 2000]. Self-renewal refers to the maintenance of the stem cell status following 
cell division, which is critical for the long-term maintenance of a stem cell pool. 
Differentiation is the process by which mature, fully committed, cells are generated 
after multiple cell divisions where the daughter cells are different, or asymmetric. 
The sequence of events during differentiation is hierarchically structured as the cell 
potency is reduced at every steps. From this representation of differentiation emanates 
a pyramidal organization in which the stem cell is alone at the top [Orkin and Zon, 
2008]. This is exemplified in Fig. 2·1 using the hematopoietic system, the system of 
interest in the present work. 
All immune and blood cells originate from hematopoietic stem cells (HSC), but 
HSC alone are not sufficient. Hematopoiesis, the generation of immune and blood 
cells, needs to be regulated at every steps, including at the stem cell level. This 
regulation allows for the right balance of mature cells to be generated according to 
the specific and changing needs of the tissue [Mercier et al., 2012]. It can also lead 
to the inactivity, or quiescence, of stem cells [Li and Clevers, 2010]. The organi-
zation presented in Fig. 2·1 is therefore not complete as stem and progenitor cells 
received feedbacks from more differentiated cells and from the environment [Wilson 
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self-renewal 
~ ~MPP / 
LT-HSC ST-HSC 
Lymphoid cells 
/ . ___.. 
___. . ___. . 
" 
Myeloid cells 
Figure 2·1: HSC differentiation diagram. Long-term HSC (LT-HSC) 
can self-renew or give rise to short-term HSC (ST-HSC) which have 
a limited capacity for self-renewal. ST-HSC further differentiate to 
give rise to multipotent progenitors (MPP). MPP become committed. 
Although this process is not reversible, there are multiple paths through 
which MPP fully differentiate into myeloid or lymphoid cells. 
and Trumpp, 2006]. Considering the large tissue volume relative to the rarity of stem 
cells a question arises: How are stem cells regulated? 
A first step toward answering this question was made when the concept of stem 
cell niche was introduced for the hematopoietic system in 1978 [Schofield, 1978]. 
The stem cell niche is a specialized microenvironment where HSC reside. It is char-
acterized by micro-anatomical locations, the presence of soluble factors and specific 
cell types, but defined by its ability to regulate the fate and status of stem cells (Fig. 
2·2) [Mercier et al. , 2012]. The concept of the stem cell niche is not exclusive to 
the hematopoietic system and has been demonstrated in other systems (skin and in-
testinal epithelium) [Hsu and Fuchs, 2012]. It also apply to some malignancies [Lane 
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et al., 2011, Malanchi et al., 2012, Kode et al., 2014] such as acute myeloid leukemia 
(AML) where there exists cells, cancer stem cell, capable of generating the entire 
heterogeneity of the disease [Bonnet and Dick, 1997, Krivtsov et al., 2006, Somer-
vaille and Cleary, 2006, Clevers, 2011, Felipe Rico et al. , 2013]. It is important to 
remember here that not all cancers possess a hierarchical organization [Nguyen et al., 
2012]. Some have heterogenous populations with a similarly low disease initiating 
potential [Rehe et al., 2013], while others have a high disease initiation potential for 
all cells [Quintana et al. , 2008, Kelly et al., 2007]. 
Tissue 
Function I maintenance 
t 
Niche cell~ 
+t Regulation 
e o~~ 
Effector cells 
Figure 2·2: HSC niche concept. The niche is a specialized microen-
vironment where HSC are regulated to produce the adequate effector 
cells for tissue function and maintenance. 
In adult mammals, HSC reside mainly in the bone marrow (BM) , the cellular 
space inside hard bone cortices [Morrison and Scadden, 2014]. Although HSC are 
found in all bones, either long or fiat, their distribution within the BM space is not 
uniform [Nilsson, 2001]. To describe the HSC location further the bone architecture 
needs to first be introduced. Long bones can be divided in 3 regions: diaphysis, meta-
9 
physics and epiphy~is (Fig. 2·3) [Jee, 1983, Clarke, 2008]. The diaphysis, the central 
segment, contains a single, large BM space that is inclosed in thick cortical bone. At 
the extremities of the long bone are the metaphysis and epiphysis. They consist of 
trabecular bone that is characterized by a complex hard bone matrix meshwork filled 
with BM. This bone network results in the presence of a multitude of segmented, but 
connected, BM cavities. 
Cortical Bone 
Endosteum 
DIAPHYSIS 
Periosteum 
Fused Growth plate 
Figure 2·3: Long bone morphology [Jee, 1983] . 
The BM organization resembles most the trabecular one in fiat (skull, sternum, 
ribs and pelvis) and other irregular bones (vertebrae, sacrum and mandible) [Clarke, 
2008]. In the skull calvaria for example, BM cavities are found mainly along the 
central (or sagittal) suture separating the left and right side of the skull in the frontal 
and parietal bone (Fig. 2·4) [Mazo et al., 1998, Sipkins et al., 2005, Lo Celso et al., 
2009b]. Also, there can be a single layer of BM cavities because of the small thickness 
of the skull [Mazo et al., 1998]. Importantly, no difference in relative HSC number or 
10 
function is observed with respected to the different anatomical locations [Cao et al. , 
2004, Lassailly et al. , 2013]. This implies that, according to the current knowledge, 
studying the HSC niche in any bone will provide a descriptive of a generic HSC niche. 
Figure 2·4: Calvarial bone marrow morphology. (Right) Photography 
of a mouse skull after removal of soft tissues. The rectangle shows 
the location of most of the calvarial BM space where HSC reside. The 
sagittal and coronal sutures are used as anatomical references to register 
position on the skull. (Left - adapted from [Lo Celso et al., 2009a]) 
Coronal section of the calvarial bone that was DAPI-stained to indicate 
the cavity morphology (asterisks mark the BM). The cortical bone on 
top of the bone marrow is relatively thin. The bracket indicates the 
depth of optical scanning and the portion of the bone that is represented 
in schematics such as Fig. 2·5. 
HSC are preferentially located in trabecular bones [Ellis et al. , 2011]. The exis-
tence of a HSC niche within the BM has been demonstrated several time using mul-
tiple approaches [Frenette et al., 2013, Morrison and Scadden, 2014 , Scadden, 2014]. 
On one hand, the BM contains an extremely dense vascular network, which makes up 
approximately 25-30% ofthe BM by volume [Lo Celso et al. , 2009a, Nombela-Arrieta 
et al., 2013, Kunisaki et al., 2013]. The vascular network is composed of arteries, 
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sinusoids and veins. HSC have been found to preferentially reside near arteries, mak-
ing arteries a micro-anatomical niche component [Ding et al., 2012]. Some arteries 
harbors nestin+ mesenchymal stem cells (MSC) from which HSC are found in close 
proximity [Mendez-Ferrer et al., 2010]. This cellular niche component has been shown 
to maintain HSC quiescence [Kunisaki et al., 2013]. On another hand, HSC are also 
found in proximity to the endosteum, the inner surface of BM cavities on bone cor-
tex [Calvi et al., 2003, Kiel et al., 2005, Lo Celso et al., 2009a]. This constitutes a 
second micro-anatomical niche component. The endosteum is lined with osteoblasts 
and osteoprogenitors that have a functional impact on HSC (Fig. 2·5) [Xie et al., 
2009]. 
Non-niche 
osteolineage : 
cells : 
Niche 
osteolineage 
cells 
Non-niche 
osteolineage 
cells 
Cortical bone 
Bone marrow 
Figure 2·5: Schematic of the endosteal HSC niche. The view is equiv-
alent to a coronal section of the calvaria as in Fig. 2·4 - Right. The 
BM is filled with blood vessels (not shown) and cells. A HSC (green) 
is in close proximity of a subset of osteolineage cells (red) constituting 
part of the microenvironment. Osteolineage cells distal (blue) to the 
HSC are not component of the HSC niche. 
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The two niche elements described above are not contradictory as nestin+ arterioles 
perfuse the endosteal region [Spencer et al., 2014]. Nevertheless, the appearance of 
incoherence in the niche characterization exits in the literature [Ding and Morrison, 
2013]. In particular, a sinusoid niche has been described [Morrison and Scadden, 
2014]. It will not be discussed further , but is mentioned to introduce the idea that the 
niche is a complex entity Fig. 2·6. Multiple cell types are important for the regulation 
of HSC. Some of them are of hematopoietic lineage (regulatory T cells [Fujisaki et al., 
2011], megakaryocytes [Winter et al., 2010], eosinohils [Chu et al., 2011]) , while others 
are of mesenchymal lineage (nestin+ MSC, osteoblasts, osteoprogenitors, adipocytes 
[Naveiras et al., 2009]). At the molecular level, many of those cells express identical 
soluble factors that affect HSC. For example, both nestin+ MSC and osteoblasts 
express CXCL12 and SCF [Mendez-Ferrer et al., 2010, Ding et al., 2012, Omatsu 
et al., 2014]. Yet, the same soluble factor can affect stem or progenitor cells differently 
if expressed by different cell types [Ding and Morrison, 2013]. New cellular and 
molecular components of the HSC niche are continuously being discovers, one at 
the time [Scadden, 2014]. This approach of studying one factor at the time using 
different methods (conditional gene deletion, lineage-specific expression of fluorescent 
proteins, immunostaining of tissue sections, etc) is likely the cause for the presence 
of conflicting observations. Hence, there is a need to study the HSC niche in an 
integrative manner. 
The global goal of the work presented here is to engineer new integrative ap-
proaches that will improve the characterization of the stem cell niche in order to 
better understand how stem cells are regulated. 
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Figure 2·6: Schematic of the complexity of the HSC niche. Multiple 
cell types, represented with different colors, are components of the HSC 
niche. Cells are part of the niche if they have a functional impact on 
HSC. Niche cells do not have to be in direct contact with the HSC 
(green) to interact with it. Some cells can affects HSC at a distance, 
making the concept of proximity-based niche relative. 
2.2 The clinical relevance 
Because of the ability of stem cells to regenerate entire tissue, intensive efforts are put 
in developing stem cell based therapies [Wilson and Trumpp, 2006]. In most cases, 
this line of therapeutic is in the experimental stage. One important exception is the 
t ransplantation of BM which started more than 50 years ago [Copelan, 2006]. First 
used for the treatment of radiation damage, BM transplantation is now used to treat 
a variety of blood disorders from cancers to autoimmune disorders, as well as genetic 
disorders. Many BM transplantations were performed before it was realized that the 
critical component of the transplant are HSC. In fact, HSC were discovered years 
after BM transplantation began to be used clinically [Becker et al. , 1963]. 
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BM transplantation is required for the replacement of lost hematopoietic cells 
after accidental exposure to radiation or intentional ablation of the hematopoietic 
system with the purpose of eliminating a disease state. Differentiated transplanted 
cells mediate only the immediate benefit. The long term success of a BM transplant 
relies entirely on the engraftment of a sufficiently high number of HSC in their niche, 
which will sustain the repopulation of hematopoietic cells [Passweg et al., 2012]. 
For this reason, BM transplantations can interchangeably be referred to as HSC 
transplantations (Fig. 2 · 7). 
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HSC Leukemic Cells e Transplanted HSC 0 Transplanted effector cells 
Figure 2·7: Schematic of bone marrow transplantation. To eliminate 
a disease, here leukemia, BM is first ablated. Some normal cells, and 
some malignant ones, can survive the ablation, but are not sufficient 
to ensure survival. A BM transplantation is then performed. HSC 
will home to the niche, while transplanted effector cells will provide 
temporary hematopoietic functions. Ultimately, transplanted effector 
cells will disappear and be replaced by the progeny of the transplanted 
HSC that has differentiated and proliferated. If an insufficient number 
of leukemic cells is removed by BM ablation or if a few leukemic cells 
with large disease initiating potential remain, the patient can relapse 
and the disease state can reappear. 
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For autoimmune disorders, autologous HSC transplantation, injection of the pa-
tient's own HSC collected prior to treatment, can be performed after eradication of 
autoreactive T cells. In many types of leukemia, elimination of the disease is diffi-
cult. It requires an aggressive treatment involving high dose irradiation and strong 
chemotherapy. Such treatment always comes with high morbidity, can cause death 
and is still not frequently successful in eliminating cancer cells. Allogeneic HSC trans-
plantation, injection of HSC from another person, are more commonly performed for 
leukemia because of the presence of a graft-vs-leukemia effect. The newly engrafted 
immune cells recognized the cancer cells as foreign and attack them. Hence, the HSC 
transplants plays a critical role in the elimination of the disease. Nevertheless, the im-
mune cells also recognize the host cells as foreign and generate a graft-vs-host disease, 
forcing the patient to be under immunosuppressive therapy [Copelan, 2006, Passweg 
et al., 2012, Li and Sykes, 2012]. 
Two major aspects related to the HSC niche can help improve treatment outcome 
when BM transplantation is used. The first one is straightforward. By understanding 
better how HSC home, engraftment and are maintained by their niche, the success 
rate of BM transplantation can be increased. The second aspect is more subtle. 
There exists an interplay between HSC and leukemic cells. Leukemia can modulate 
the HSC niche [Sipkins et al., 2005]. The microenvironment of minimal residual 
disease or of leukemic stem cell (LSC), two critical elements leading to relapses, have 
yet to be characterized in depth. Understanding how niches for malignant cells are 
distinct from niches for normal cells is critical in developing strategies to specifically 
target deletion of LSC (Fig. 2·8) , while simultaneously improving autologous HSC 
transplants or the maintenance of the endogenous HSC population. For this reason, 
a better characterization of the HSC niche, and of its malignant counterpart, is of 
significant clinical relevance. 
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Figure 2·8: Schematic of the LSC niche. Little is known about the 
differences between normal and malignant niches and how they interact 
together. It is of particular interest to determine if the malignant niche 
appears following the emergence of LSC, or if alterations in the niche 
drive the generation of LSC, as it would allow to identify and target 
clinically the source of the disease. 
2.3 Single cell studies: interrogating one cell at the time 
Studying stem cells is challenging because they are rare, dynamic and heterogenous 
[de Souza, 2011]. The rarity refers to the low number of stem cells relative to the 
total tissue volume. Stem cells are dynamic as they can be in different states (cycling, 
quiescent or dormant) at different time and also move within their tissue of residence. 
The heterogeneity refers to the existence of multiple differentiation behaviors for 
stem cells that appear identical [Dykstra et al. , 2007, Hope and Bhatia, 2011]. This 
dynamic and heterogeneous profile of stem cell leads to the necessity of assessing 
all different behaviors individually. Here, it is important to reiterate that stem cells 
are defined functionally, requiring the observation of their long-term output for their 
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characterization. Therefore, one needs to look at the impact of single cells on the 
entire system. These concepts applies to HSC as well even though the blood is a 
highly regenerative tissue. 
HSC needs to be studies as single cells because they are dynamic and heteroge-
neous. Their rarity leads to the necessity of single cell studies, both of niche cells , and 
of HSC themselves [Scadden, 2014]. Cells of the cell types composing the niche are 
present elsewhere in the BM. For example, osteoblasts are found relatively uniformly 
on the endosteum, but only a small fraction of them are interacting with a stem cell 
(Fig. 2·5 and Fig. 2·8). As the hypothesized niche osteoblasts are rare, studying all 
osteoblasts together as a population would not inform on the HSC niche. The bio-
logical information pertinent to niche cells would be lost in the noise of the abundant 
non-niche cells. Therefore, niche cells have to be studied as single cell in order for 
their unique profile to be observed. 
2.3.1 Transplantation 
A single HSC has the ability to regenerate the entire hematopoietic system. Trans-
plantation of a single HSC in an gamma-irradiated mice thus has the potential to 
rescue the recipient long-term [Osawa et al., 1996]. This has been taken advantage of 
in defining a true HSC population. Many studies were conducted where a single HSC 
was injected in a lethally irradiated, sublethally irradiated or immune-compromised 
mice with the goal of assessing the regenerative potential of single cells [Osawa et al., 
1996, Wagers et al., 2002, Uchida et al., 2003, Kiel et al., 2005, Camargo et al. , 
2006, Dykstra et al., 2006, Oguro et al., 2013]. The engraftment of single-injected 
HSCs, or their ability to enter the BM, differentiate and produce effector cells , is the 
key parameter in assessing the transplantation outcome. 
Single cells for transplantation are identified using mainly immunophenotyping, 
which refers to the study of protein expressed by cell. The idea is that HSC should 
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express a different combination of proteins from other hematopoietic progenitors on 
their surface making them identifiable prior to the assessment of their long-term differ-
entiation behavior. Other approaches such as assessing dye efflux can also be useful. 
A true HSC population defined by immunophenotyping does not yet exists, but on-
going efforts in the search have provided continuously enriched HSC populations over 
time (Fig. 2·9). Excluding a non-repeated experiment where HSC engrafted with 
almost perfect efficiency [Matsuzaki et al., 2004], the maximal engraftment efficiency 
measured is near 50% with the SLAM marker family (CD150, CD48, CD229 and 
CD244) and LKS markers (Lineage10w, c-Kit+ and Seal+) [Oguro et al., 2013]. 
The use of fluorophores and antibodies allows to sort HSC using fluorescence 
activated cell sorting (FACS) [Ema et al., 2006] . Individual cells are then collected 
from wells with a syringe and injected intravenously. The intravenous (I.V.) injections 
can be done retro-orbitally or in the tail vein. In both cases, the injection is not always 
successful and possible failures are difficult to assess because syringe cannot easily be 
inspected for the presence of a single fluorescent cell or of its fragments. Additionally, 
HSC reside in the BM. The presence of a HSC in the vasculature after a successful 
I.V. injection does not directly translate in the homing of the cell to the BM. Cells 
can home to the spleen and can be entrapped or eliminated by other organs. This 
is a potential explanation as to why the reconstitution potential was initially low 
(20%) and still has not exceed 50% after 20 years of single cell transplantations. 
Alternatively, single transplanted cells might all home to the BM and the percentage 
of long-term reconstitution might adequately reveal the true stem cell fraction. Hence, 
there is a need for a method to perform HSC transplantation directly into BM. 
2.3.2 Extraction 
In the clinic, HSC can be collected in one of two ways. BM can be harvest directly from 
bones or HSC can be mobilized into the peripheral circulation using agent such as G-
Year 
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Long-term LT-HSC Reference 
reconstitution [%] 
7 LS, Thy1 .11ow Smith eta/., PNAS, 1991 (Dilution assay) 
22 LKS, CD34• Osawa eta/., Science, 1996 
20 LKS, Thy1.11ow Wagner eta/., Science, 2002 
33 Lin·, Rho·, SP Uchida eta/., Exp. Hematology, 2003 
47 LKS, CD150·, CD48· Kiel eta/., Cell, 2005 
35 Sca-1 •, SP Camargo eta/., Blood, 2006 
31 CD45mid, Lin·, Rho·, SP Dykstra eta/., PNAS, 2006 
46 LKS, CD150·, CD48·11ow, CD229·~ow,CD244· Oguro eta/., Cell Stem Cell , 2013 
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Figure 2·9: Evolution of single HSC transplantation. (Top) The table 
provides a list of single HSC transplantation experiments with different 
populations. The list does not include all single cell transplantation 
experiments, but only the references to the first identification of a HSC 
population with single cell reconstitution potential. Prior to the identi-
fication of CD34 as a stem cell marker, single cell transplantations were 
not performed due to the low frequency of HSC in the LKS population. 
Many other surface markers have since been demonstrated to enrich the 
stem cell fraction in isolated population. (Bottom) The graph shows 
the fraction of HSC with single cell long-term reconstitution poten-
tial as a function of the year the population was first identified. The 
improvement in LT-HSC enrichment has been continuous and linear 
(R2=0.76). 
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CSF and then the blood can be collected. Recently, the usage of cord blood has gain 
attention [Copelan, 2006]. In experimental settings, mouse HSC for transplantation 
are almost exclusively extracted from the BM. After euthanasia of the animal, bones 
are immediately extracted. Usually, only the long bones are used as BM harvesting 
sites because they contain a large amount of BM and because soft tissue can manually 
and efficiently be removed. Other bones such as the vertebrae contain larger amount 
of BM, but the removal of soft tissue around them is tedious and not practical. BM 
cells are obtained after either flushing or crushing the long bone, then filtering them 
to remove bone fragments. In all cases, no information remains about the spatial 
relations between cells in vivo. 
Many components of the HSC niche were originally identified by their proximity 
to HSC. Proximity-hypothesized niche components then need to be validated func-
tionally. For example, this was the case for niche osteoblasts. HSC were first observed 
in proximity to the endosteum, then osteoblasts were shown to have the ability to 
upregulated the HSC number throughout Notch1 activation in vivo [Maillard et al., 
2008]. Because niche cells have distinct molecular profile (unpublished), at least at 
the mRNA level, it is conceivable to identify new niche molecular factors based on 
their expression in cells proximal to HSC. 
To molecularly characterize rare cells, there is need to perform gene expression pro-
filing at the single-cell level without contamination from surrounding cells. The first 
step in performing such an analysis is precise identification and extraction of single 
cells. Cells at a distance also have to be extracted and analyzed for the identifica-
tion of niche specific molecular factors. As was described in the previous paragraph, 
current extraction methods are highly invasive, and the relative cell distribution, or 
spatial organization of cells, is lost. There is a need for a method of extracting single 
cells from the BM that also provide spatial information. 
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2.4 The need for tissue micromanipulation 
In summary, BM transplant is used as a treatment for blood cancers such as leukemia. 
After the elimination of diseased cells, together with healthy cells, by total body 
irradiation, BM transplant is required for the replacement of all lost hematopoietic 
cells: immune and blood cells. Differentiated transplanted cells mediate only the 
immediate benefit. The long term success of a BM transplant relies entirely on the 
engraftment of a sufficient number of HSC in their niche, which will sustain the 
repopulation of hematopoietic cells. To improve BM transplantation clinically, a 
better characterize of HSC and of their early niche interactions is first necessary. 
No existing imaging modalities have the ability to track a single cell once it enters 
the blood stream. As a result , current single cell transplantation experiments are done 
without any knowledge of where the cell actually lodges and how it interacts with 
its environment at the microscopic level. An elegant study has used bioluminescence 
imaging to monitor engraftment from single luciferase-labeled HSC [Cao et al., 2004]. 
It was determined that HSC generated discrete foci in the BM and spleen. The 
frequency of engraftment in different BM compartments correlated with compart-
ment size, suggesting no preferential homing site. Also, the long-term hematopoietic 
chimerism was not affected by the specific site of initial engraftment and expansion. 
Nevertheless, the bioluminescence method used in this study does not enable the de-
tection of single cells and approximatively two weeks of HSC expansion were required 
before cells could be imaged as a cluster. 
Injection of HSC in the vasculature convolves the information about reconstitution 
with homing or trapping effects. Most importantly, it becomes impossible to image the 
initial engraftment site and assess early cellular interactions in the niche. Positioning 
an individual HSC directly into the BM of a live mice would simultaneously avoid 
the vascular system and enable imaging of the HSC in its niche at the cellular level. 
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Cellular imaging of the HSC niche have already provided valuable information for the 
characterization of niche interactions (Section 3.1). In addition to the visualization 
of those interactions, extracting cells directly from their in vivo context would enable 
the determination of regulatory factors by single-cell analysis (ex.: single-cell mRNA 
sequencing) as it would be possible to relate the molecular information to the observed 
in vivo state. In this framework, novel approaches are needed to make the BM 
accessible for single-cell transplantation and analysis. 
Transplantation and extraction must be performed at the single-cell level and in a 
manner that minimally disturb the biological tissue. Optical techniques meets all of 
the requirements. Building upon prior knowledge that optical scanning microscopy 
enables intravital imaging of the HSC niche with single cell resolution (Section 3.1), 
this thesis investigates the use of optical tweezers (Section 3.2) and laser ablation 
(Section 3.3) to develop a method and an instrument for in vivo optical micromanip-
ulation of cells and tissue in the BM. 
Chapter 3 
Optical Tools 
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3.1 Fundamental of optical microscopy 
3.1.1 Contrast methods 
Images are spatial representations of objects. The same object can have multiple 
representations of itself that appear completely different. How an object will appear 
in an image depends on both the object and the imaging modality. Different imaging 
modalities are based on different physical contrast mechanisms. For example, the 
nuclear magnetic properties of tissue are measured with magnetic resonance imag-
ing (MRI), while computed tomography (CT) and ultrasound (US) are sensitive to 
modulations in x-ray radiations and acoustic waves respectively. 
The two latter physical signals are modulated by tissue via both scattering and 
absorption. Scattering is the change of momentum of a particle due to a collision 
with another particle (Fig. 3·1(a)). Absorption refers to the transfer of energy from 
radiations to matter [Suetens, 2002]. Light is also scattered and absorbed by biological 
tissue [Wang and Wu, 2007]. Optical imaging modalities based on scattering, such as 
optical coherence tomography (OCT), have found a niche in clinical imaging where 
they complement MRI, CT and US [Zysk et al., 2007]. 
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Figure 3·1: Energy level diagram of selected optical processes. (a) 
Elastic scattering. The incident and scattered photons have the same 
energy, but a different momentum. (b) Second-harmonic generation. 
Photons are not absorbed, but rather simultaneously scattered, bring-
ing the molecule to virtual excited states (dash lines). The emitted 
photon is exactly half of the wavelength of the two scattered photons. 
(c) One-photon fluorescence. A single photon is absorbed by a molecule 
and excites it. After rotational relaxation (black arrow), a photon with 
a longer wavelength is emitted. (d) Two-photon excitation fluorescence 
is similar to one-photon fluorescence except that the excited state is 
reached by the simultaneous absorption of two photons having approx-
imatively half the energy required for excitation. 
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Contrast methods in optical microscopy are not limited to scattering and ab-
sorption, one of the most important being fluorescence. Fluorescence occurs at the 
molecular level when a molecule absorbs light, goes into an excited state, and re-
emitted light at a different wavelength (Fig. 3·1(c)) [Tsien, 1998]. Some molecules 
are naturally fluorescent. When the molecule is endogenous to the object being im-
aged, the signal is referred to as autofluorescence. Autofluorescence was first observed 
with a microscope in bacteria in 1911 [Heimstadt, 1911] and is still today an useful 
source of contrast in microscopy [Zipfel et al., 2003, Chow et al., 2014]. The ar-
tificial introduction of fluorescence into biological specimen nevertheless makes the 
tool much more versatile. Exogenous labeling and antibodies staining, approaches 
are powerful, but the co-expression of fluorescent proteins with specific proteins by 
genetic modifications was paradigm changing in biology as it enabled molecular imag-
ing [Lippincott-Schwartz and Patterson, 2003]. 
The original fluorescent protein, GFP, and many of its early variants are excited by 
and emit light in the visible portion of the electromagnetic spectrum [Tsien, 1998]. In 
this region, blood strongly absorbs light thus limiting the use of fluorescence proteins 
in thick tissue in vivo. At longer wavelengths, in the infra-red (IR) region, water 
absorption becomes a limiting factor. There exists a region, called the optical window, 
in which light is minimally absorbed and scattered by biological tissue (Fig. 3·2) 
[Vogel and Venugopalan, 2003]. 
Many fluorescent proteins and other fluorophores can emit light when excited in 
the NIR by a two-photon excitation fluorescence (TPEF) process (Fig. 3·1 (d)) [Denk 
et al., 1990]. Pulsed lasers are required to produce TPEF because the process cross-
section is low, while one-photon fluorescence can be excited with continuous wave 
(CW) laser or incoherent light. The TPEF cross-section is usually lower than its linear 
counterpart, requiring the simultaneous interaction of multiple photons [Masters and 
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So, 2008]. Optical contrast can be obtained from many nonlinear processes. For 
instance, second-harmonic generation (SHG) is generated in non-centrosymmetric 
molecules [Boyd, 2008]. The excitation light is not absorbed in SHG, but scattered 
by a molecule via virtual excited states at exactly half the wavelength (Fig. 3·1(b)). 
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Figure 3·2: Absorption spectra of biologically relevant molecules. Pro-
teins and DNA absorb in the ultra-violet (UV) region, while blood via 
hemoglobins absorbs in the visible region. In the IR region, the ab-
sorption of light by water and collagen becomes important. An optical 
window to biological tissue exists between 0.6 and 1.2 J-Lm , and is ide-
ally taken advantage of in optical microscopy. [Vogel and Venugopalan, 
2003] 
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3.1.2 Resolution 
A 4f microscope is shown in Fig. 3·3. In a 4f system, information is relayed between 
the object and image planes using a pair of lenses. The closest lens to the object is 
called the objective and is primarily characterized by its numerical aperture (NA). 
The NA describes the maximum angle at which light can be focused or collected by 
the objective (Eq. 3.1) and depends one and the index of refraction n of the object 
milieu. 
NA = nsin(e) (3.1) 
A point object will not look like a point in the image plane because optical systems 
have a limited spatial bandwidth, supporting a finite range of lateral wavevectors. 
Point objects therefore have a size and our ability to distinguish objects in the image 
plane depends on the distance between them [Mertz, 2009] . This lead to the definition 
of a spatial resolution limit by Abbe in 1873 [Croft, 2006]. The spatial resolution (d) 
is determined by both the NA and the wavelength (.A) as expressed in Eq. 3.2 [von 
Helmholtz, 1876]. 
.A 
d = 2NA. (3.2) 
Evaluation of d for visible light (500 nm) and a NA of 0.5 yield a value of 0.5 
p,m. This value indicates that optical microscopy provides sufficient spatial resolu-
tion in the lateral dimension to visualize structures at the cellular and sub-cellular 
level [Pawley, 2006]. The link between cells and optical microscopy is therefore a 
fundamental one. 
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Figure 3·3: Schematic of a microscope. An optical microscope uses 
lenses to translate the information from the object plane to the image 
plane. A 4f system is shown. 4f systems perform perfect imaging as the 
ray position in the image plane depends only on the position in object 
plane, and identically for the ray direction. The maximal geometrical 
angle e of the objective is used to define the numerical aperture of the 
system. 
Axial 
The treatment of the resolution in the dimension of the light propagation, the 
axial direction (Fig. 3·3), is more complex. Optical sectioning is a property of optical 
systems in which only the in-focus signal contributes to the image formation. An axial 
resolution exists and can be quantified when optical sectioning is present. Optical 
sectioning is desirable as it improves the overall image quality and enables 3D imaging. 
Its presence depends on the contrast mechanisms, but also on the embodiment of the 
microscope. 
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3.1.3 Microscopy systems for intravital BM imaging 
Optical imaging and biology have evolved together for a long time, any development 
in optical microscopy quickly finding applications in biology. It is using early mi-
croscopes that cells were termed by Hooke in 1665 and that single cell organisms 
were identified by van Leeuwenhoek in 1676 [Croft, 2006). In this section, important 
aspects of microscopy systems relevant to intravital BM imaging are introduced. 
The first intravital imaging studies of the BM by von Andrian's group were realized 
using multiple fiuorophores conjugated to antibodies [Mazo et al., 1998). Antibodies 
were able to target different blood vessels with chemical specificity and label HSPC. 
The skull calvarial BM was imaged because the cortical bone overlying it is thin. The 
microscopy method used by von Andrian's group at that time, widefield stroboscopic 
epi-illumination, did not provide optical sectioning. 
In 1957, Minsky invented a method providing optical sectioning named confocal 
microscopy [Minsky, 1961]. The method applies for scanning microscopy in which 
an image is formed by illuminating its constitutive pixels individually, one after the 
other. This is in contrast to widefield microscopy in which all pixels forming an 
image are illuminated simultaneously. In the first physical implementation of confocal 
microscopy by Cremer and Cremer in 1978, a sample was translated under a stationary 
beam [Cremer and Cremer, 1978) . The image is then formed point by point by 
measuring the fluorescence or scattered signal reaching a photodetector placed behind 
a pinhole. The background signal from out-of-focus axial planes is eliminated by the 
pinhole. The latter is therefore the key component in a confocal microscope as it is the 
rejection of the out-of-focus background that provides optical sectioning. Confocal 
microscopy applies to linear processes. For TPEF and SHG, the optical sectioning 
is intrinsic and due to the nonlinearity of the excitation. No pinholes are therefore 
needed. 
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Translating of the sample is simple, but slow. Acquiring images at high speed is 
important when a large volume such as the calvarial BM needs to be imaged with 
high spatial resolution. The acquisition speed is significantly increased by scanning 
the laser beam with rotating mirrors [Pawley, 2006]. Laser scanning microscopy 
can even be performed at video-rate using a polygonal mirror [Webb, 1984, Veilleux 
et al. , 2008]. Video-rate, intravital and 3D imaging of the BM was performed using 
exogenous labeling approaches similar to von Adrian's ones to study the relation 
between BM vasculature, HSPC and leukemic cells [Sipkins et al. , 2005] . 
Combining genetically encoded fluorescent protein expression to exogenous label-
ing strategies provides several advantages for BM imaging. The endogenous expres-
sion of fluorescent proteins by distinct cell populations allows to study interactions 
between the niche and stem cells in the BM [Xie et al., 2009]. It also enables repeated 
imaging on different days [Lo Celso et al., 2009a]. Other contrast mechanisms such 
as SHG are also frequently employed. Collagen, one of the main bone component, 
has a large susceptibility for SHG [Roth and Freund, 1979, Zipfel et al. , 2003]. For 
intravital imaging of the BM, having an endogenous bone signal is particularly help-
ful as the endosteum, an HSC niche component, can readily be delineated [Lo Celso 
et al. , 2009b] and anatomical references can be established. 
In summary, intravital microscopy of the BM is ideally performed using a com-
bination between confocal fluorescence, confocal scattering (most commonly known 
as confocal reflectance), and SHG. Additionally, the video-rate laser scanning is an 
ideal approach for the in vivo visualization of rare cells residing within a large tissue 
volume. 
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3.2 Fundamental of optical tweezers 
Light can exert forces on objects. The first scientist to document this phenomenon 
was Tycho Brahe in 1577 [Fernhndez and Jockers, 1983]. While observing a comet, 
he noted a tail that was always pointing away from the Sun. As comets get closer to 
the Sun, gas and dust on the comet can escapes its atmosphere. Radiation pressure 
from the Sun pushes all materials in one direction, thus forming a tail [Fernhndez 
and Jockers, 1983]. Radiation pressure is the force exerted by electromagnetic wave, 
including light [Beyer, 1978] . This definition of radiation pressure does not provide 
the mechanism behind the generation of the forces. 
Photons have a momentum (p) and an energy (E). Momentum is classically 
expressed only in terms of the mass (m) and the speed (v) (Eq. 3.3) . Photons have 
no mass at rest (m0), but have a relativistic mass as they move at the speed of light 
(c). Using the Einstein relation and the absence of mass at rest , the momentum 
of light can be expressed as a function of the energy (Eq. 3.4). The energy of 
light is dependent only on its wavelength (Eq. 3.5, where h and >. are respectively 
the Planck constant and the wavelength), and the momentum of light is therefore 
inversely proportional to the wavelength (Eq. 3.6) [Gordon, 1973]. 
p=mv. 
h IPI = ~ · 
(3.3) 
(3.4) 
(3.5) 
(3.6) 
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Momentum is a vectorial quantity that follows a conservation law. When light is 
scattered by a particle, its direction changes and, at the same time, its momentum. 
From the conservation of momentum principle, the scatterer is imparted an equal 
but opposite change in momentum. Stationary objects can thus become mobile. The 
observed acceleration (a scat) relates to a force ( Fnp), the radiation pressure (Eq. 
3.7) . Conservation of momentum after a light scattering event is the fundamental 
principle behind optical tweezers. 
Fnp 
ascat = --
ffiobj 
(3.7) 
It was initially thought that only celestial objects could generate a sufficient 
amount of light for radiation pressure effects to be observed. The invention of the 
laser changed this perspective as powerful light field could now be generated. Even 
with lasers, forces achievable are small ( ,...,_, 10-8 N). Nevertheless, laser light can be 
focus onto objects having a small mass (molecules and atoms), making the ratio in 
Eq. 3. 7 sufficiently large, much larger than the gravitational acceleration, to move 
those objects. This was the initial hypothesis made by Ashkin in 1970 [Ashkin, 1970]. 
In the first experiment, it was demonstrated that 1 to 3 J-lm latex beads were not 
simply pushed along the direction of the beam propagation, but could also be moved 
laterally [Ashkin, 1970]. The addition of a second laser coming from the opposite 
direction provided a stable 3D trap. This approach was extended to a six-laser trap 
in order to manipulate atom [Anderson et al. , 1995]. The pioneer work of Arthur 
Ashkin opened the door to laser cooling and trapping of atoms, applications for 
which other scientists received a Nobel price in 1997. Quickly, it was shown that a 
single laser could be used to levitate microparticles, gravity acting as the balancing 
force [Ashkin and Dziedzic, 1971, Ashkin and Dziedzic, 1980]. It took 15 years before 
it was realized that a single beam could, alone, form a stable 3D optical trap for 
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microscopic objects [Ashkin et al., 1986]. Indeed, a backward gradient force exists if 
a particle is located below the laser focus. As it will be discussed below, the laser 
beam does not simply push objects in the direction of the light propagation. The 
single-beam gradient radiation pressure trap is more commonly referred to as optical 
tweezers [Ashkin, 1992]. 
How can a single focused laser beam trap a cell? In order to answer this question 
light matter interactions must be modeled. Although it all relates to conservation of 
momentum, the appropriate model to use depends on the size of the object relative 
to the wavelength. The Rayleigh regime models the scattering of light by particles 
that are much smaller than the optical wavelength ( ¢ « A, where ¢ is the diameter of 
a spherical object). In this model, the Lorentz force describing the action of external 
electric and magnetic fields on dipole moments is proportional to the intensity of the 
field. The local minima of the potential well is thus located near the focus where the 
intensity is maximal [Gordon, 1973]. It applies to molecules and atoms, but not to 
cells . The Mie theory(¢"'>.) and the ray optics theory(¢»>.) can both adequately 
describe the optical trapping of cells [Maia Neto and Nussenzveig, 2000, Mazolli et al., 
2003]. The size of cells ( ¢ ~ 10).) is at the limit where ray optics becomes valid, while 
Mie theory does not have an upper limit of validity. The treatment with Mie theory 
is nevertheless much more complex than one based on ray optics and does not better 
predict experimental results. In any cases, the internal complexity and non-uniformity 
of cells is never taken into account. 
In ray optics, a beam of light is decomposed into individual rays. Each ray has 
its own intensity, direction and polarization. The rays propagate linearly as plane 
waves, but can change direction and polarization at dielectric interfaces, such as 
the surface of a cell. The changes follow the Fresnel relations as rays reflect (R) 
and refract (T) [Born and Wolf, 1980]. When a single ray is incident on a sphere, 
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an infinite number of reflections and refractions will happen, generating sub-rays 
of decreasing power (Fig. 3·4) [Ashkin, 1992]. The summation of all events yields 
relations describing the radiant pressure forces as a function of the initial reflection 
(e) and refraction angles ( r). The first relation is the force in the direction of the ray 
propagation, or the scattering force (Fscat, Eq. 3.8) . The second relation is the force 
orthogonal to the direction of propagation, the gradient force (Fgrad, Eq. 3.9). Both 
relations are also expressed in terms Qis which provide a geometrical descriptive of 
the forces , independently of the incident power (P) [Ashkin, 1992]. 
F = n1P{ 1 R (2e) _ T
2[cos(2e- 2r) + Rcos(2e)]} = n 1PQ 
scat c + cos 1 + R2 + 2Rcos(2r) c scat (3 .8) 
F _ n1P{R . ( e)_ T2[sin(2e- 2r) + Rsin(2e)]} _ n1PQ 
grad - c szn 2 1 + R2 + 2Rcos(2r) - c grad (3.9) 
Eq. 3.8 and Eq. 3.9 describe the forces generated from a single ray. To know the 
total force one must consider all rays in the beam by summing their contribution to 
Qscat and Qgrad· Finally, it is necessary to consider the position of the sphere with 
respect to the beam focus. The magnitude and the direction of the resulting forces 
is shown in Fig. 3·5. The scattering force is mostly in the direction of the beam 
propagation. If only the scattering component was present , the laser beam would 
simply push objects forward. For high NA objectives, the gradient force is larger in 
magnitude than the scattering force and oriented radially. The total force ( Q;otal= 
Q;cat + Q;rad) is thus mainly oriented radially [ Ashkin, 1992]. Cells are therefore at 
equilibrium if their geometric center is near the focus, allowing for 3D trapping. 
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Figure 3·4: Geometrical optics of a single ray on a sphere. A ray of 
power P incident on a sphere of radius R will partially be reflected at an 
angle e and refracted at an angle r. An infinite number of reflections 
will happen inside the sphere with simultaneous refractions where a 
portion of the power exits the sphere. Modified from [Ashkin, 1992] 
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Optical tweezers were immediately applied to the manipulation of viruses and 
bacteria [Ashkin and Dziedzic, 1987], cells [Ashkin et al. , 1987], and organelles within 
live cells [Ashkin and Dziedzic, 1989]. Reducing the number of lasers, and thus the 
total power imparted onto living organisms, was certainly important in using optical 
tweezers in biology. The most significant improvement was nevertheless the use of 
NIR lasers. Light absorption is minimized in this wavelength range, thus is heat 
damage [Ashkin, 1997]. Other means of improving the trapping efficiency are the use 
of a large NA objective [Wright et al. , 1994] and placing the object to be manipulated 
in a medium with a smaller, but similar index of refraction [Ashkin, 1992]. 
Optical tweezers are used in a multitude of biomedical applications nowadays. 
Many cell sorting devices take advantage of them to separate cells [Grier, 2003]. The 
most appreciated usage of optical tweezers in research is without a doubt for the 
measurement of forces [Fazal and Block, 2011]. Optical tweezers have the ability to 
measure the magnitude of forces between biomolecules. The force generated by RNA 
polymerase while transcribing RNA from DNA was measured in this manner [Yin 
et al. , 1995]. It is also common to place beads at the extremity of a cell [Tan et al. , 
2012] or a DNA molecule [Woodside et al., 2006] to asses their mechanical properties. 
Optical trap techniques still continue to evolve. Recent developments using plasmon-
based approaches make it possible to control objects more precisely, even beyond the 
diffraction limit, at the nanoscopic level [Juan et al., 2011]. Steps in the opposite 
direction, trapping larger objects, are also being taken [Thalhammer et al., 2011]. 
Here, we use an optical trap in its simplest embodiment for biological applications: a 
single-beam trap in the NIR to manipulate a single cell. 
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3.3 Fundamental of femtosecond laser ablation 
3.3.1 Historical development 
Optical tweezers are operated on cells with the minimal amount of laser power nec-
essary. Increasing the average power would increase the trapping force and the speed 
at which cells can be moved. Nevertheless, an increase in power can also have dele-
terious effects on cells. At high power, damages can even extend to cell killing or 
ablation [Berns and Greulich, 2007]. Laser ablation globally refers to the removal or 
cutting of material using laser. Although cutting and removal of biological tissue are 
both ablation processes, they relate to really different applications. Hence, criteria for 
optimal laser ablation and experimental set ups will vary largely. Removal refers the 
elimination of tissue at a volumetric level, while cutting is the dissection or separation 
of tissue. The total tissue volume does not change upon cutting. In the literature, 
laser cutting is also referred to as "laser scissors" and "laser micro beam" [Berns, 2007] . 
The removal of single cells [Rompolas et al., 2012] and organelles are historically in-
cluded as part of laser microbeam techniques. 
As opposed to the development of optical tweezers, the ablation of biological tissue 
using light preceded the invention of the laser. Partial ablation of single cells, em-
bryos and organisms was first performed in 1912 using 280 nm UV light [Tschachotin, 
1912]. For more than 40 years, the UV light was generated from a magnesium spark 
and focus to a 5 p,m spot using a reflective quartz objective [Tschachotin, 1955]. This 
system was sufficiently good to study the synthesis of organelles after induced phys-
iological deficit in ciliates [Tschachotin, 1935a, Tschachotin, 1935b]. Improvements 
in objective technologies allowed to bring the focus of the UV light down to 0.2 - 5 
p,m, close to the diffraction limit [Bessis and Nomarski, 1960, Moreno et al., 1969]. 
Although this improvement in focusing provided more precision in the ablation of 
sub-cellular components, spark-based ablation still required very long irradiation. 
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Irradiation time was greatly decreased after the introduction of lasers. CW lasers 
have been used in all common applications of laser micro beams: ablation of organelles 
(ex.: mitochondria- [Amy and Storb, 1965]), optoporation (introduction of DNA in 
a cell through an ablated hole in the cell membrane- [Palumbo et al., 1996, Rhodes 
et al., 2007]), ablation of chromosomes to study cell division [Hoffman-Kim et al., 
2007, Hobza and Vyskot, 2007], and cell ablation for fate-mapping in developmental 
biology [Cremer et al., 1974, Chalfie et al., 1985]. The ruby (694 nm) and argon (488 
and 514 nm) lasers in the visible region of the optical spectrum were largely used and 
required irradiation of > 10JLs for laser cutting [Amy and Storb, 1965, Storb et al. , 
1966, Berns et al. , 1969, Berns et al., 1971]. 
The physical processes underlying ablation needed to be understood in order to 
improve it. Linear absorption is the physical process through which the light energy 
is transferred to tissue with CW lasers [Quinto-Su and Venugopalan, 2007]. Ulti-
mately, temperature or pressure changes will mediate the ablation according to the 
thermodynamics of phase transition. The efficiency of linear absorption can therefore 
be improved by the addition of highly absorptive materials such as a dye [Amy and 
Storb, 1965] or nanoparticles [Lin et al., 1999] in the sample. Selecting wavelengths at 
which absorption is naturally high, such as in the IR (water and collagen- [N uss et al., 
1988, Rink et al. , 1996]) or UV (proteins and DNA - [Berns et al., 1971, Paterson 
et al. , 2005]) regions , allows to eliminate the use of external agents. 
Soft tissue can be cut with CW laser radiations. The higher ability to remove tissue 
of pulsed laser radiations is needed for the removal of hard tissue such as bone [N uss 
et al., 1988, Hibst and Keller, 1989]. For microsecond (JLs) and longer laser pulses, the 
ablation process is identical as for CW laser radiation because the time scale is much 
longer than thermodynamic responses. [Vogel et al., 2005]. For long pulses, the abla-
tion dynamics are therefore approximated to be in a quasi-CW regime. For shorter 
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pulses (nanosecond ( ns) and picosecond (ps)), the energy transfer from photons to the 
tissue can still be mediated by linear absorption. Nonlinear processes become 
predominant for picosecond and nanosecond pulses of high irradiance and for really 
short pulses (femtosecond (fs)) [Vogel and Venugopalan, 2003]. 
Venugopalan, Vogel and Quinto-Su have written excellent reviews on pulsed laser 
ablation [Vogel and Venugopalan, 2003, Quinto-Su and Venugopalan, 2007]. One 
of their principal conclusion is that femtosecond laser ablation is superior to other 
techniques for applications requiring precision and minimal collateral damage. The 
objective of the following sections is to define key concepts in laser ablation and to 
provide a mechanistic description of femtosecond laser ablation in order to explain 
how and why femtosecond laser ablation is the optimal ablation technique for the 
bone removal applications described work. 
3.3.2 Ablation parameters 
Ablation efficiency, ablation speed and ablation threshold are three quantities com-
monly used to characterize the ablation process. The ablation efficiency describes 
the amount of material removed with respect to the total energy contained in the 
incident pulses [Vogel and Venugopalan, 2003]. The amount material removed can 
be expressed in unit of mass or volume. Often, the depth ablated at one location is 
taken to quantify material removal without regard to the ablated area [N uss et al., 
1988, Hibst and Keller, 1989, Izatt et al., 1991, Girard et al., 2007]. Such a definition 
of the efficiency should not be used as ablation is a 3D process. The ablation effi-
ciency will be expressed in this work as the volume ablated per unit energy (~-tm3 / ~-tJ). 
The conversion from volume to mass can be accomplished simply by using the bone 
density (1600 kgjm3 ) [Bannick, 2000]. 
The efficiency metric defined above is not influenced by the time required for 
ablation. The ablation efficiency can be equal for a volume removed by a single high 
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energy pulse or by multiple pulses of lower energy. Time is taken into account by 
the ablation speed and is defined by the amount of material removed by unit of time 
(J.1m3 / s). In clinical applications requiring the removal of large tissue volumes, a large 
ablation efficiency and speed are desirable. In applications where the minimization of 
collateral damage is critical and the volume to be removed or cut needs to be small, 
the precision of the ablation, or the amount of tissue removed per pulse (J.1m3 jpulse), 
is more important. The ablation efficiency, the ablation speed and the pulse energy 
should always be reported for a complete description of ablation performance. 
For plasma-mediated ablation under liquid immersion, which implies the genera-
tion of a free-electron region, the precision of the ablation depends on the irradiance 
used relative to the ablation threshold. The ablation threshold is defined as the criti-
cal radiant exposure (Jjcm2 ) at which material removal can be achieved [Vogel and 
Venugopalan, 2003]. It is also common to express the ablation threshold in terms of 
the irradiance (W/cm2 ). The radiant exposure, or fiuence, is nevertheless preferred as 
the pulse duration is always given. Experimentally, the thresholds can be determined 
by measuring the ablation efficiency for different incident radiant exposures and then 
evaluating the minimal radiant exposure at which the efficiency becomes non-zero. 
For plasma-mediated ablation a second definition of the ablation threshold can be 
applied. The threshold is said to be reached when the density of quasi-free electrons 
in the plasma is sufficient to generate cavitation bubbles (Per = 1021 cm-3 - [Vogel, 
2001]). R_lasma formation and cavitation will be the topic of subsequent sections. 
In order to distinguish the two definitions of the ablation threshold, the later is 
usually refers to as the critical electron density. In water, cavitation bubbles can 
be generated below the critical electron density [Vogel et al., 2008]. Nevertheless, 
such low-density plasma induced cavitation bubbles have never been reported in hard 
material, including bone, and will not be considered further. 
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3.3.3 Plasma formation 
The first step in femtosecond laser ablation, plasma formation, describes the energy 
transfer from photons to electrons. The plasma formation is the process by which 
a region with increased quasi-free electron density is formed relative to the normal 
tissue state. When photons are used to generated quasi-free electrons, the formation 
of a plasma and a cavitation bubble at the critical electron density is called "optical 
breakdown" (Fig. 3·6). In condense matter, quasi-free electrons are electrons brought 
from the valence to the conduction band. They are the equivalent of free-electron in 
metal. This excitation process , or photoionization, initially occurs via multiphoton 
ionization or quantum tunneling under high electric field. The material properties 
determine which of the two processes is predominant [Joglekar et al., 2003]. The ki-
netic energy of quasi-free electrons can increase by inverse Bremsstrahlung absorption 
(IBA). IBA occurs when the energy of a photon is absorbed by an electron during 
a collision with a larger particle. After multiple IBA events an electron have suffi-
cient kinetic energy to ionize another electron through impact ionization. The growth 
of the quasi-free electron density by IBA and impact ionization is exponential and 
termed "avalanche ionization" [Quinto-Su and Venugopalan, 2007]. 
The contribution of avalanche ionization and photoionization in reaching the criti-
cal electron density depends on the pulse duration (Fig. 3·7). For nanosecond pulses, 
multiphoton ionization only provides quasi-free electron to seed the avalanche ioniza-
tion. The plasma is formed through the avalanche ionization process. For femtosec-
ond pulses, multiphoton ionization and/or quantum tunneling generate most of the 
quasi-free electrons. Femtosecond pulses are too brief for the long avalanche process 
to take place. Plasma from picosecond pulses are in an intermediate regime between 
femtosecond and nanosecond pulses where both multiphoton and avalanche ionization 
play an equal role [Quinto-Su and Venugopalan, 2007]. 
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Figure 3·6: Schematic of plasma formation [Quinto-Su and Venu-
gopalan, 2007]. 
The greater contribut ion of multiphoton ionization increase the irradiance thresh-
olds for ablation. This is due to the fact that photons are absorbed sequentially by 
IBA and the quasi-free electron density then growth exponentially. For multiphoton 
ionization, multiple photons need to be absorbed simultaneously and t he following 
growth of the plasma is linear. The radiant exposure thresholds is nevertheless 3 
orders of magnitudes smaller for femtosecond pulses than for nanosecond ones (Fig. 
3·8- [Oraevsky et al. , 1996, Vogel and Venugopalan, 2003]) . The radiant exposure is 
directly linked into the plasma energy density and the mechanical effects associated 
with the breakdown. Using femtosecond pulses is therefore desirable as the 
plasma energy density at threshold is lower and less collateral damage will 
ensue. 
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Figure 3·7: Top row: evolution of the free-electron density during the 
laser pulse at the optical breakdown threshold for 6 ns, 1064 nm pulses 
and for 100 fs, 800 nm pulses. The timet is normalized with respect to 
the laser pulse duration T£. The contribution of multiphoton ionization 
to the total free-electron density is plotted as a dotted line. Bottom row: 
maximum quasi-free electron density Pmax achieved during the laser 
pulse as a function of irradiance, for the same laser parameters. The 
irradiance I is normalized with respect to the threshold irradiance Irate· 
The threshold Irate and the corresponding value of Pmax are marked by 
dashed lines. Graphs and caption from [Vogel et al. , 2005]. 
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3.3.4 Thermomechanical response 
The energy deposition in the form of local plasma leads to a thermomechanical tissue 
response. The thermomechanical response of the tissue to plasma formation follows 
the same thermodynamic rules as ablation based on linear absorption although the 
temporal dynamics are significantly different. Also, it determines the volume of tissue 
ablated and the extend of collateral damage. 
Thermal damage are always extremely limited with femtosecond pulses. For mi-
croscopic objects, the thermal diffusion is always order of magnitude large than fem-
tosecond. Thermal confinement condition is therefore always met. Thermal confine-
ment describes the situation where thermal diffusion in surrounding region does not 
occur before a sufficient amount of energy for optical breakdown is deposited into the 
focal region. Any temperature increase is therefore confined to the plasma region. 
The absence of thermal diffusion minimizes collateral heat damage and is a clear 
advantage of femtosecond laser ablation. 
As similar concept to thermal confinement exists for the mechanical response: 
stress confinement. Stress confinement occurs when the thermalization of the plasma 
is faster than the acoustic transit across the plasma region. The acoustic transit is 
on the order of a few hundred of picosecond, which is larger than the duration of 
the energy deposition during femtosecond pulses. The stress confinement condition 
for femtosecond pulses ablation leads to the generation of a large compressive and 
tensile stress wave even for low temperature plasma near threshold. The compressive 
wave propagates into the surrounding medium and does not cause significant damage 
because solid tolerate compression well [Paltauf and Dyer, 2003]. The tensile stress 
causes a decrease in pressure in the tissue leadings to cavitation and mediate the 
material removal [Quinto-Su and Venugopalan, 2007, Vogel et al., 2005]. For fem-
tosecond ablation at the threshold in water, the bubbles have a small size and a short 
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lifetime [Noack et al., 1998, Vogel et al., 2008]. The former characteristic is the most 
important as a small bubbles size results in a small ablation volume. Femtosecond 
pulsed radiations are thus ideal for precise ablation. Of course, the impor-
tance of the stress confinement on the generation of thermoelastic stresses depends 
on the material properties 
3.3.5 Bone is not water 
Significant efforts were made to characterize the mechanism behind femtosecond 
plasma-mediated laser ablation in water. This thorough assessment in water was a 
surrogate for aqueous material, which include most biological tissue. Unfortunately, 
the tissue of interest , bone, has a relatively low water content (5 to 10 %) [Clarke, 
2008] and has a solid structure. Consequently, one should be careful when translating 
results obtained from experiments conducted in water to bone. Comprehensive stud-
ies of equivalent quality in hard materials and at their interface are still lacking. This 
was a major impediment in making the discussion on plasma formation and thermo-
mechanical response formal and quantitative. The ablation field would undoubtedly 
benefit from more extensive studies on the physics of optical breakdown in solid. 
The above discussion is nevertheless sufficient to show the important elements. In 
summary, plasma-mediated ablation using NIR femtosecond pulses allows for tissue 
removal in transparent [Gattass and Mazur, 2008], absorptive and scattering tissue. 
The lowered ablation threshold minimizes the damage to the surrounding tissue com-
pared to longer pulses. Additionally, the stress confinement condition combines with 
the lowered ablation threshold to enable precise tissue ablation. Plasma-mediated 
laser ablation with femtosecond laser radiations is the best existing technique for the 
micromanipulation of biological tissue in vivo. 
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3.4 Integrated optical platform 
3.4.1 Overview of the optical platform 
The optical micromanipulation platform has three main components (Fig. 3·9): 1) a 
multimodal video-rate optical scanning microscope, 2) a scanning laser ablation beam, 
and 3) optical tweezers. In brief, the microscope allows to guide micromanipulations, 
while the laser ablation beam removes bone and the optical tweezers trap and move 
cells. For rapid positioning of the sample and other tools at the focus, a widefield 
microscope was incorporated into the platform. 
Five different light sources are present on the platform, including a lamp for 
widefield imaging. The pulsed laser light from a titanium:sapphire laser (80 MHz, 
Mai Tai HP, Spectra Physics) is partially reflected with beamsplitters (BS1, 80R/20T, 
BS2, 50R/50T, 25 mm, Edmund Optics) into the regenerative amplifier (RegA 9000, 
Coherent) and to provide a pulsed NIR optical tweezers. The transmitted portion of 
the beam goes into the scanning microscope. Although the Mai Tai output wavelength 
can be tuned between 690-1040 nm, the RegA only operates at 800 nm. As it is not 
practical to change wavelength during micromanipulations, the Mai Tai is ran at 800 
nm, unless otherwise mentioned. The RegA provides the ablation laser beam. It is 
seeded by 32 m W of the Mai Tai beam and pumped by a 10 W, 532 nm continuous 
wave laser (Verdi, Coherent). The output femtosecond (380 fs) pulse energy can reach 
up to 1.5 p,J and the repetition rate can be adjusted to a value ranging from 10kHz 
to 250kHz. Finally, a NIR CW laser (980 nm, L4980M-240-TE/ ESYS, Micro Laser 
System) serves as an alternative source for optical tweezers. 
The optical tweezers and the laser ablation beam are recombined to the scan-
ning microscope imaging beam with a polarization beam splitter (polarization BS, 
25 mm cube, NIR, 49-872, Edmund Optics). All three laser beams reflected by the 
polarization BS pass through the secondary arm of the system which consists in a 
Ti:Saph 
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Figure 3-9: Overview of the optical platform. The platform contains 
an optical scanning microscope, a scanning femtosecond laser ablation 
arm, and a pulsed and a continuous optical tweezers. Not drawn to 
scale. Only important optical elements are shown. 
2D galvanometer mirrors system ( GVSM002, Thorlabs) conjugated with a telescope 
to the water immersion objective (60X, 1.0 NA, LUMPLFLN, Olympus) . A high 
numerical aperture objective (NA) of 1.0 is required for multiple reasons. First , the 
force exerted by optical tweezers on cells is increased with larger NA. This is true for 
the gradient force because more light is incident with a large non-axial component. 
Second, a larger fluorescence or scattering signal can be detected as the photon col-
lection efficiency of an objective scales with the square of the NA. Third, the size of 
the focal volume is inversely related to the NA. A tighter focus with increased photon 
density is highly beneficial for nonlinear processes such a femtosecond laser ablation, 
SHG and TPEF. A second important consideration in the selection of the objective is 
the working distance. For imaging applications, the space between the specimen and 
the objective is usually only filled with the appropriate medium, here saline (Sodium 
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chloride solution (0.9%), Sigma-Aldrich). Micromanipulations nevertheless call for 
the presence of tools, to be described later , in the vicinity of or in the immersion 
drop. To avoid contact with the specimen and minimize the risk of damaging the 
objective a long working distance (2 mm) is desirable. 
While the scanning microscope and CW optical tweezers can be used continuously, 
the ablation beam and pulsed optical tweezers are used alternatively. A sliding mirror 
(SM) reflects the pulsed optical tweezers into the secondary arm while blocking the 
ablation beam. The SM can be moved out of position, letting the ablation beam 
enter the secondary arm. 
3.4.2 Scanning optical microscope 
A multimodal video-rate optical microscope serves as a guidance tool for microma-
nipulations (Fig. 3·10). Video-rate imaging at 30 frames per second is achieved using 
a spinning polygon (model BMC7, Lincoln Laser, DT-36-290-025, 36 facets) and a 
galvanometer (model 6240H, Cambridge Technology) mirrors [Webb, 1984, Veilleux 
et al., 2008]. Real-time imaging provides an instantaneous feedback , essential for 
micromanipulations. The 800 nm titanium:sapphire light allows for three-color mul-
tiphoton imaging using a single excitation wavelength. A series of NIR lenses are 
used to expand the beam to the appropriate size and to conjugate planes between 
the polygon, the galvanometer and the objective. The beam before the objective has 
a diameter of 7.24 mm and a divergence of 0.40 mrad. 
An average power of 25 m W at the sample is used for imaging, but can be ad-
justed independently using a half-wave plate (WPH05M-633, Thorlabs). Second-
harmonic generation (SHG) from bone collagen is collected at 400nm (FF01-417 /60-
25, Semrock) , two-photon excitation fluorescence (TPEF) from GFP at 525 nm 
(FF01-525/45-25, Semrock) and from rhodamine-B or DsRed at 600 nm (FF01-
607/70-25, Semrock) . A 808 nm notch filter (NF03-808E-25, Semrock) and a 650 nm 
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Figure 3·10: Schematic of the laser scanning microscope. The multi-
photon detection scheme is described in the inset table. Not drawn to 
scale. All optical elements in the beam path are shown except for some 
mirrors. Mirrors were omitted in order to simplify the diagram. 
short-pass filter (FFOl-650/SP-25) eliminate the laser light and dichroics separate 
multiphoton emission light (720dcxru Chroma, FF458-Di02-25-36 and FF568-Di01-
25x36, Semrock). The multiphoton emission light is detected by large area photomul-
tiplier tubes (PMT, R7600U series, Hamamatsu). A frame grabber (Snapper-PCI24, 
Active Silicon) and in-house software (iPhotonRT v.1.2.6s) are used to form 500 x 500 
pixels images. The modifications of iPhotonRT v.1.2.6 to v.1.2.6s are not included in 
new version of iPhotonRT. Typical multiphoton images showing bone and BM cells 
are shown in Fig. 3·11. BM images are always transversal, but 3D reconstructions 
can be made to show sagittal or coronal sections. 
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Figure 3·11: Representative multiphoton images. SHG from bone is 
shown in blue and the dash line delineated the BM cavity. (Left) Actin-
GFP and (Right) CDllc-GFP BM cells are visible in green. Excitation 
at 800 nm is not optimal for GFP, but is sufficiently strong for imaging 
cells in the BM and performing micromanipulations. Image size: 360 
p,m. 
A descanned confocal reflectance channel is also available. The reflected light is 
separated from the excitation beam using a beam splitter (BS3, 10R/90T, 25 mm, 
Edmund Optics). The light is focused with a NIR 50 mm lens on a 25 p,m pinhole and 
detected by a PMT (C7950, Hamamatsu). The confocal reflectance is particularly 
useful as it enables visualization of the vasculature without the need of introducing 
an external dye (Fig. 3·12). It also provide an additional channel to the SHG signal 
to monitor the laser ablation process. Finally, confocal reflectance images can be 
acquired without damaging the PMT and with no apparent background, even when 
the lamp is on. This is not the case for the multiphoton PMTs and images. Being 
able to monitor the sample with confocal reflectance while there is bright light in the 
laboratory space or directed on the sample with the lamp allows for safer and faster 
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operations. 
3.4.3 Optical tweezers 
The platform has two optical tweezers, one pulsed and the other one continuous (Fig. 
3·13). The portion of the Mai Tai beam reflected from BS2 serves as the pulsed 
optical tweezers. The 980 CW laser forms the continuous trap and is introduced on 
the secondary arm with a short-pass beam splitter (BS4, ZT1064rdc-sp, Chroma). 
Both optical tweezers have a 1X collimating source telescope made of a pair of 50 
mm NIR lenses and a half-wave plate to independently adjust the power reaching the 
sample (WPH05M-808, Thorlabs). On the secondary arm, the beams pass through 
the RegA collimating source telescope before being expended by a 2X telescope that 
can be flipped into position (50 mm and 100 mm NIR lenses, Edmund Optics). The 
optical tweezers beams always remain stationary, the 2D galvanometer mirrors being 
kept at their central position. Optical trapping is performed with an average power 
of 10 m W at the sample. A dot on the computer screen indicates the location of the 
optical tweezers. 
3.4.4 Widefield imaging 
A widefield microscope is present on the optical platform (Fig. 3·14). The role of the 
widefield imaging is to provide a non-confocal imaging system for fast positioning of 
object at the focus. As it will be described in the single-cell transplantation chapter 
(Chapter 4), a glass micropipette needs to be positioned at the focus rapidly as it 
contains the cells to be delivered (Fig. 3·15). For this specific purpose, a high image 
quality is not necessary. 
A white light incoherent source (53M4964, Multicomp EJA Lamp, Incand, GX5.3 , 
21 V, 150W) located next to the objective illuminates the sample at an angle (Fig. 
3·16). The objective collects part of the light reflected by the sample. The collected 
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Figure 3·12: Representative confocal reflectance image. SHG from 
bone is shown in blue and the dash line delineated the BM cavity. A 
strong scattering signal is generated by the osteocytes located within 
the hard bone matrix. Many structures scatter light in the BM. Of 
particular interest , the vasculature can be clearly identified (arrow). 
Although not visible in an averaged image, flowing cells can be seen 
by real-time imaging, allowing to distinguish arteries and veins . Image 
size: 360 J-tm. 
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Figure 3·13: Schematic of the optical tweezers. Not drawn to scale. 
All optical elements in the beam path are shown except for some mir-
rors. Mirrors were omitted in order to simplify the diagram. 
light is then reflected by the 720 nm long-pass filter and further filtered by the 808 
nm notch and 650 nm short-pass filters. At the time of building the platform, it 
was expected that the 458 nm long-pass filter would have to be rotated in order 
for an image to be formed on the CCD camera (Wat 902, Watec) connected to a 
video monitor (TR930, Panasonic). Nevertheless, it was observed that an image of a 
sufficient quality can be formed without changing the position of the 458 nm long-pass 
filter. Here , the camera detects the light leaking through the multiphoton detector 
arm. 
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PMT3 
Camera 
100 mm 
Sample 
Figure 3·14: Schematic of the widefield imaging. Not drawn to scale. 
All optical elements in the beam path are shown. Of note , the 458 nm 
long-pass dichroic filter is orthogonal to the optimal position for reflect-
ing light to the camera. The image quality is nevertheless sufficient. 
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Figure 3·15: Micropipette positioning with widefield imaging. A pho-
tography of the screen showing a 28-32 11m glass micropipette posi-
tioned such that its opening coincides with the optical trap. The later 
is indicated by a mark on the screen. 
Figure 3·16: Photography of the widefield illumination. The lamp 
illuminates the sample at an angle with respect to the objective axis. 
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3.4.5 Femtosecond laser ablation 
The RegA is seeded by 32 m W of the Mai Tai beam reflected by BS1 and pumped by 
10 W of a CW laser (532 nm, Verdi, Coherent). The RegA output beam serves for 
laser ablation (Fig. 3-17). The pulse duration was measured with an autocorrelator 
(PulseScope, APE) to be of 380 fs. The repetition rate can be adjusted between 10 
and 250kHz. The lower repetition rate of the system, providing pulse energy up to 1.5 
f-lJ, is used for ablation (10.5 kHz). The RegA output is monitored on a oscilloscope 
(TDS 620B, Tektronix) 
Ti:Saph 
800nm, 100fs, 80 MHz 
RegA 50 mm 50 mm -100 mm 50 mm 
800nm, 380fs, 10-250 kHz 1--lllll!llflllll-+~~~ 
Verdi 
532 nm,10W 
Ablation 
near-source 
collimating 
telescope 
50 mm 100 mm 
Polarization BS 
720 nm LP 
Figure 3-17: Schematic of the laser ablation arm. Not drawn to 
scale. All optical elements in the beam path are shown except for some 
mirrors. Mirrors were omitted in order to simplify the diagram. 
When acquiring images during ablation, the intense white light and SHG signals 
created by the ablating laser pulses can produce a noise pattern in the image (Fig. 
3-18 - Left) . To remove the noise pattern, the repetition rate of the regenerative 
amplifier can be synchronized to the imaging line scan frequency (17.6 kHz) , so that 
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precisely one ablating laser laser pulse is fired at the end of each scan line and the 
noise is suppressed during the blanking period (Fig. 3·18 - Right). 
The ablation beam is input into the secondary arm by removing the sliding mirror 
reflecting the pulsed optical tweezer light. A half-wave (WPH05M-808, Thorlabs) , 
the same as for the pulsed optical tweezers, allows for adjusting the ablation power. 
The RegA output is then collimated by a 1x telescope (50 mm NIR lenses, Edmund 
Optics) before reducing the beam size by a factor of 2 to fit the objective back aperture 
(-100 mm and 50 mm NIR lenses, Edmund Optics) with a flip telescope. Volumetric 
ablation is achieved by scanning the beam laterally with a 2D galvanometer mirrors 
set (GVSM002, Thorlabs) and moving the sample axially. The 2D-scanning unit 
is synchronized with an automated 3D translational stage (Sutter ROE-200, MPC-
385, Research Precision Instrument) via an hardware control card (NI USB-6211 , 
National Instrument) by the image acquisition software (iPhotonRT v1.2.6s). For 
bone thinning (Chapter 5), the scanned area is large and the hardware control card 
cannot generate enough position points. For this specific application, the fast axis 
of the 2D galvanometer mirrors set is scanned with a function generator (AFG320, 
Tektronix). The details of the scanning patterns will be provided in later sections. 
Bone is ablated in saline. The use of saline is necessary because the microsurgery 
is performed on a live animal and also because cells would die if manipulated in 
air. The use of water also provides advantages for the ablation process. Performing 
ablation under water and with an irrigation system minimize thermal damage and 
increase ablation efficiency [Ivanenko and Hering, 1998, Cangueiro and Vilar, 2013]. 
In order to circulate the immersion solution (Sodium chloride solution (0.9%), Sigma-
Aldrich) at a high flux, a pair of needles (Gauge 26, 1.3 em length, Fisher Scientific) 
are integrated onto the objective lens and connected to a peristaltic pump (Ismatec, 
Harvard Apparatus). The needle inputing solution under the objective needs to 
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Figure 3·18: Simultaneous imaging and ablation free of ablation re-
lated noise. Single SHG frames from live ablation video at different 
repetition rate are shown. (Left) Ablation performed with a repetition 
rate of 10.5 kHz produces noise in all imaging channels. The noise 
shown is due to the strong SHG and white light generation. (Right) 
The output frequency can be selected such that it corresponds to the 
line rate of the scanning microscope, in this case 17.6 kH. This generates 
a single vertical line of noise originating from the ablation beam that 
can be synchronized with the frame capture and placed in the blank-
ing period between successive scans (invisible in the recorded image). 
White: SHG. Image size: 360 f-Lm. 
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Figure 3·19: Immersion drop circulation. A pair of needle integrated 
onto the objective and a pump circulate the normal saline under the 
objective. The input and output of solution should be equal. When 
this is t he case, a drop can hold under the objective without a sample 
being present. 
aim directly at the ablation site for efficient flushing of t he ablation debris . If t he 
circulation system is well calibrated and positioned, a drop should form and hold 
under the objective even without a sample being present (Fig. 3·19). 
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Chapter 4 
Optical Cell Transplantation 
4.1 Introduction 
The bone marrow (BM) contains a rare population of hematopoietic stem cells (HSCs) 
from which all blood cells are derived. The BM also contains a population of stromal 
cells , or mesenchymal stem cells (MSCs), that give rise to skeletal and connective 
tissues. In addition, blood cancers such as leukemia can emerge from malignant 
transformation of hematopoietic stem and progenitor cells (HSPCs) within the BM, 
and many solid tumors can seed the BM with disseminated tumor cells or cancer 
stem cells that can develop into bone metastasis. Understanding how the normal 
and malignant stem cells interact with the BM microenvironment is therefore of 
fundamental and clinical importance [Scadden, 2006, Mercier et al., 2012]. 
The stem cell niche is a specialized microenvironment where the stem cells reside 
and receive critical extrinsic signals that regulate their quiescence, self-renewal and 
differentiation. Despite intense efforts, detailed characterization of the HSC niche has 
been enormously challenging due to the complexity of the BM microenvironment, its 
location deep inside the bone matrix, and lack of specific markers illuminating the 
various stem cell components. The organization of the BM MSC and CSC niches are 
even less well understood. One useful experimental approach has been HSC trans-
plantation because of its clinical significance and because sophisticated techniques are 
available for harvesting donor HSCs and analyzing recipient hematopoietic reconsti-
tution post-transplantation. Donor stem cells can be specifically tagged and tracked 
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using an exogenous label, enabling direct visualization by intravital microscopy of the 
location of HSC homing and engraftment with single cell resolution [Lo Celso et al., 
2009b, Lo Celso et al. , 2011]. However, it is not possible to directly assess the function 
of the individual cells being imaged, since the outcome of the transplantation could 
only be assessed at the population level. On the other hand, a single, intravenously 
injected HSC has the remarkable functional capacity to rescue a lethally-irradiated 
mouse and reconstitute the entire hematopoietic system [Osawa et al., 1996, Mat-
suzaki et al., 2004, Camargo et al., 2006, Dykstra et al. , 2007]. However, the single 
injected HSC cannot be imaged; only its progeny can be visualized after the stem cell 
has undergone extensive proliferation [Cao et al., 2004], leaving open the question of 
the initial site of HSC engraftment and how the HSC interacts with its niche. Thus 
there is need for a technique that can track an individual stem cell from its initial 
engraftment to its long-term regenerative potential. 
In this chapter, we describe an optical platform that enables controlled trans-
plantation of single cells directly into a defined location in the calvarial BM of live 
mice. The same delivery site can be revisited in subsequent imaging sessions to as-
sess the engraftment of the transplanted cells. The platform consists of a video-rate 
multiphoton laser scanning microscope, a femtosecond laser ablation unit, and a laser 
tweezer (Fig. 3·9). The platform was used to deliver single hematopoietic stem cells , 
single human leukemia cells and groups of mesenchymal stem cells. We tracked the 
engraftment of transplants over time, illustrating that the technique can be useful for 
studying both normal and malignant stem cells in vivo. 
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4.2 Approach to optical cell delivery 
We performed single cell transplantation following a four-step approach (Fig. 4·1). 
First, the delivery site is selected by 3D video-rate scanning of the calvarium to 
locate an appropriate BM cavity that is reachable within 100 11m beneath the bone 
surface. Second, femtosecond laser ablation is used to create a microchannel in the 
bone. The cell is then brought on top of the microchannel in a glass micropipette and 
transferred to laser tweezers. Finally, the optically trapped cell is passaged through 
the microchannel to the BM under the control of laser tweezers. 
All operations are performed under image guidance, enabling single cells to be 
deposited at specific locations in the BM with minimal perturbation to surrounding 
tissues. A single femtosecond laser source at 800 nm is used to simultaneously image 
the bone, the cells of interest and the vascular network. The bone is visualized 
using the intrinsic collagen second harmonic generation (SHG) signal. Knowing the 
vascular architecture is important in order to avoid ablating blood vessels in the 
bone removal step, the vasculature is simultaneously imaged by confocal reflectance 
imaging. Additional landmarks such as specific niche cell populations expressing a 
fluorescent protein distinct from the donor cell fluorescent protein can also be used 
to help define the delivery site at this point. 
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Figure 4·1: Steps for cell delivery. (a) Multiphoton and confocal 
imaging are used to identify a location for transplantation. (b) The 
ablation laser beam cut a delivery channel through the cortical bone, 
leaving only a hole slightly larger then the size of a cell connecting 
to the bone marrow cavity. (c) A single cell is released from a glass 
micropipette into the optical tweezer above the channel and (d) then 
directed by the optical trap through the opening. 
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4.3 Material and methods 
4.3.1 Cell delivery 
All single-cell recipients were 8-12 week-old C57BL/6 mice. Irradiation of recipient 
mice was performed with a Cs137 source in a single dose 24 hours before single cell 
delivery. Donor mice were sacrificed by C02 asphyxiation. 
Recipient mice were anesthetized with isofiurane gas, placed in an custom-build 
heated holder and their head stabilized. The skull was exposed by making an incision 
in the scalp (Fig. 4·2). The scalp skin fiat was then folded back and sutured to the 
neck skin. A set of 4 screws and a bite bar were adjusted to hold the head highly 
stable during the entire procedure. Mice were then brought to the optical delivery 
platform where SHG from the bone collagen was used to localize BM cavities relative 
to morphological features. 
A BM cavity was randomly selected as the delivery site and its position was 
registered relative to the central vein and the coronal suture. The exact location 
of the delivery site within the selected cavity was chosen such that no blood vessels 
were affected by the laser ablation process. With the immersion solution circulating, 
the microsurgical laser bone removal using the RegA light was started 10 J-Lm above 
the bone surface down to the BM cavity. The size of the BM cavity opening was 
of 20 J-Lm. The delivery channel had a pyramidal shape because of the use of a 
high numerical aperture objective lens (60X, l.ONA, water immersion, LUMPLFLN, 
Olympus) . Opening of the BM cavity was confirmed by the absence of SHG signal 
and the leakage of some BM content. To slow down the closure of the opening until 
the cell was delivered, the immersion solution was continuously circulated. At this 
point, the sliding stage configuration was changed to let the pulsed optical tweezers 
beam reach the sample. 
67 
Simultaneously to laser bone removal, cells for delivery were placed on a glass 
slide under a widefield microscope (BX51W1, Olympus) and aspirated in a straight 
glass micropipette (28-32 f-ill diameter, MBB-FP-SM-0, straight blastomere pipette, 
Origio) attached to a pump (SASll/2-E, Research Instruments). To better control 
the flow in the glass micropipette with the pump, micropipettes were partially filled 
with oil. The micropipettes were then brought to the delivery platform, mounted in a 
second 3D translational stage (Sutter ROE-200, MPC-385, Research Precision Instru-
ment) and positioned using the widefield imaging (Fig. 3·15). The immersion fluid 
circulation was stopped prior entering the micropipette in the immersion fluid. The 
cell was then slowly released into the optical tweezer and the animal was immediately 
moved to direct the cell to the bottom of the channel. 
After the cell was delivered, imaging was performed for 5 to 15 min to ensure 
that the cell remains at the delivery site. The mouse was then brought back to the 
surgical procedure area and left in the mouse holder with the head stabilized. The 
normal saline solution was partially removed. A thin layer was left to prevent the 
skull from drying. An antibiotic ointment (Original triple antibiotic , Walgreens) was 
applied on the back of the scalp skin flap to minimize the formation of scarring tissue 
and its gel structure ensured the minimal closure required of the delivery channel. 
The suture attaching the scalp skin flap to the neck was cut and sutures were made 
to fully close the exposed skull area. Suturing was always performed in the same 
manner to minimize skin movement over the delivery site (Fig. 4·2). Some antibiotic 
ointment was applied along the surgical cut before returning the mouse to its cage 
where it recovered from anesthesia. At least 30 minutes past between the positioning 
of the cell in the BM and the moment the mouse recovered its mobility. 
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Figure 4·2: Scalp surgery description. The skull calvarial bone was 
exposed by making 3 incisions in the scalp (arrows) in order to make 
a rectangular skin flap. Post-delivery closure of the scalp with mini-
mal skin movement was achieved by making 7 sutures (x) in the order 
shown. 
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4.3.2 Biological material and methods 
Animals 
All animal experiments were performed in compliance with institutional guidelines 
and approved by the Subcommittee on Research Animal Care (SRAC) at Mas-
sachusetts General Hospital. Actin-GFP knock-in mice (C57BL/6-Tg(CAG-EGFP) 
1310sb/LeySopJ), Actin-DsRed knock-in mice (Cg-Tg(CAG-DsRedMSTNagy / J))m, 
FoxP3-GFP knock-in mice (C57BL/6-Cg-Foxp3tm2Tch/J) and C57BL/6 mice were 
purchased from the Jackson Laboratory (Bar Harbor, ME), bred and maintained at 
the MGH Animal Research Facility. Col2.3-GFP knock-in mice were kindly provided 
by Prof. David Scadden. 
Isolation of hematopoietic stem/progenitor cells 
Actin-GFP mice were used as donors. The femurs, tibias and hips were dissected out, 
soft tissue removed, and single-cell suspension was prepared as follows: The bones 
were crushed, and the marrow cells suspended in ice-cold PBS (Phosphate buffered 
solution, calcium- and magnesium-free) supplemented with 2% fetal bovine serum 
(FBS). The cell suspensions were sequentially filtered through 70 and 40-micron cell 
strainers (BD Falcon) to remove debris. 
The filtrate was suspended in 50 ml of ice-cold PBS (2% FBS) and then pel-
leted by centrifugation at 400 g for 10 minutes. The bone marrow cells were then 
resuspended in PBS (plus 2% FBS) . The Lin negative cell population was isolated 
using MACS® columns (Miltenyi Biotec). Cells were incubated with Lin cocktail 
(biotinylated antibodies against CDllb, Ter119, CD4, CD8a, CD3e, B220/CD45R, 
Ly-6G+ Ly-6C) (BD Biosciences) for 15 minutes. Cells were then washed with PBS-
2% FBS. Streptavidin Micro Beads (Miltenyi Biotec) were added, and cell mixture was 
quickly vortexed and incubated for 15 minutes at 4C. After incubation, the cell mix-
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ture was run through MACS® columns, and the lineage-depleted cells were collected 
in 15 ml tubes. 
Fluorescence activated cell sorting was achieved by incubating cells with antibodies 
specific for Sea-l (PE-Cy7), c-kit (APC) and Lin (Pacific Orange) for 15 minutes 
on ice (All of these reagents were purchased from BioLegend®). Cell sorting was 
performed on BD FACSAria (BD biosciences Inc) using FACSDiva™ software. HSC 
and HPC gates were defined as positive for Sea-l, c-kit, and negative for lineage 
markers and DAPI (Invitrogen/Life Technologies). The Lin negative cells, enriched 
for Sea-l+ c-kit + were automatically collected in 15 ml tubes with 2 ml PBS (2% 
FBS). 
Isolation of long-term hematopoietic stem cells 
Actin-GFP mice were used as donors. The femurs, tibias and hips were dissected out, 
soft tissue removed, and single-cell suspension was prepared as follows: The bones 
were crushed, and the marrow cells suspended in ice-cold PBS (Phosphate buffered 
solution, calcium- and magnesium-free) supplemented with 2% fetal bovine serum 
(FBS). The cell suspensions were sequentially filtered through 70 and 40 micron cell 
strainers (BD Falcon) to remove debris. 
The filtrate was suspended in 50 ml of ice-cold PBS (2% FBS) and then pelleted by 
centrifugation at 400 g for 10 minutes. The bone marrow cells were then resuspended 
in PBS (plus 2% FBS). The lineage negative (Lin-) cell population was isolated using 
MACS® columns (Miltenyi Biotec). Cells were incubated with Lin cocktail (bi-
otinylated antibodies against CDllb, Ter119, CD4, CD8a, CD3e, B220/CD45R, Ly-
6G+Ly-6C) (BD Biosciences) for 15 minutes. Cells were then washed with PBS-2% 
FBS. Streptavidin MicroBeads (Miltenyi Biotec) were added, and cell mixture was 
quickly vortexed and incubated for 15 minutes at 4C. After incubation, the cell mix-
ture was run through MACS® columns, and the lineage-depleted cells were collected 
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in 15 ml tubes. 
Fluorescence activated cell sorting of HSPC was achieved by incubating cells with 
antibodies specific for Sea-l (PE-Cy7), c-kit (APC) and Lin (Pacific Orange) for 15 
minutes on ice (All of these reagents were purchased from BioLegend@). Cell sorting 
was performed on BD FACSAria (BD biosciences Inc) using FACSDiva™ software. 
HSC and HPC gates were defined as positive for Sea-l, c-kit, and negative for lineage 
markers and DAPI (Invitrogen/Life Technologies). The Lin negative cells, enriched 
for Sea-l+ c-kit + were automatically collected in 15 ml tubes with 2 ml PBS (2% 
FBS). 
Fluorescence activated cell sorting of long-term HSC was achieved by incubating 
cells with the antibody specific for CD34 ( eBioscience, AlexaFlour700-conjugated, 
cloneRAM34) for 90 minutes on ice and adding the antibodies specific for Flt3 (PE-
conjugated anti-mouse CD135) Sea-l (PE-Cy7), c-kit (APC) and Lin (Pacific Orange) 
for the last 15 minutes (Last four reagents were purchased from BioLegend). Cell 
sorting was performed on BD FACSAria (BD biosciences Inc) using FACSDiva™ 
software. Long-term HSC gates were defined as positive for Sea-l, c-kit, and negative 
for lineage markers, CD34, Flt 3 and DAPI (Invitrogen/Life Technologies). The Lin 
negative cells, enriched for CD34- Flt3- Sea-l+ c-kit+ were automatically collected 
in 15 ml tubes with 2 ml PBS (2% FBS). 
Isolation of mesenchymal stem cell from the bone marrow 
Actin-DsRed mice were used as donors . The femurs, tibias and hips were dissected 
out, soft tissue removed, and single-cell suspension was prepared as follows: The 
bones were crushed, and the marrow cells were flushed with PBS supplemented with 
2% FBS. Then the bones were cut into small pieces and incubated in Collagenase I 
(0.25%) (Stem cells technologies) at 37 C water bath with automated shaking at 120 
RPM for 60 minutes. Then the bone fragments were washed repeatedly with PBS 
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(2% FBS) and the released cells were sequentially filtered through 70 and 40 micron 
cell strainers (BD Falcon) to remove debris. The filtrate was suspended in 50 ml of 
ice-cold PBS (2% FBS) and then pelleted by centrifugation at 400 g for 10 minutes. 
The bone marrow cells were then re-suspended in PBS (plus 2% FBS). 
Depletion of hematopoietic and endothelial cell population was performed using 
MACS® columns (Miltenyi Biotec) . Cells were incubated with biotinylated antibod-
ies (1/50) against CD 45, Ter 119 and CD 31 (BD Biosciences) for 15 minutes at 
4C. Cells were then washed with PBS-2% FBS. Streptavidin MicroBeads (Miltenyi 
Biotec) were added, and cell mixture was quickly vortexed and incubated for 15 min-
utes at 4C. After incubation, the cell mixture was run through MACS® columns, 
and the depleted cells were collected in 15ml tubes containing PBS (2% FBS). 
Fluorescence activated cell sorting was achieved by incubating cells with antibodies 
specific for CD 105 (PE-Cy7) and CD 140a (APC) for 15 minutes on ice (All of thet>e 
reagents were purchased from BioLegend@). Cell sorting was performed on BD 
FACSAria (BD biosciences inc) using FACSDiva TM software. MSC gates were defined 
as positive for CD 105, CD 140a, DsRed color and negative for DAPI (Invitrogen/Life 
Technologies). The MSC, enriched for CD 105 and CD 140a were automatically 
collected in 15 ml tubes with 2 ml PBS (2% FBS). 
Leukemia Cell Line: Nalm6 
Nalm-6 cells is a pre-B acute lymphoblastic leukemia cell line. Nalm-6 lentiviral infec-
tion was performed using Mission pLKO.l-puro CMV-TagRFP and Mission pLKO.l-
puro CMV-TurboGFP Control (Sigma Aldrich), at a multiplicity of infection (MOl) 
of 30.The cell line was maintained in cultured and no cell isolation was performed 
prior using cells for any experiments. 
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Leukemia Cell Line: MLL-AF9 
The femurs, tibias and hips were dissected out, soft tissue removed, and single-cell 
suspension was prepared as follows: The bones were crushed, and the marrow cells 
suspended in ice-cold PBS (Phosphate buffered solution, calcium- and magnesium-
free) supplemented with 2% fetal bovine serum (FBS). The cell suspensions were 
sequentially filtered through 70 and 40-micron cell strainers (BD Falcon) to remove 
debris. The filtrate was suspended in 50 ml of ice-cold PBS (2% FBS) and then pelleted 
by centrifugation at 400g for 10 min. The bone marrow cells were then resuspended 
in PBS (plus 2% FBS). Cells were incubated with Lin cocktail (biotinylated antibod-
ies against (Ter119, CD4, CD8a, CD3e, B220/CD45R, Ly-6G+Ly-6C, IL-7R) (BD 
Biosciences) for 15 minutes. Cells were then washed with PBS-2% FBS. 
Fluorescence activated cell sorting was achieved by incubating cells with antibod-
ies specific for c-kit (PE) (BioLegend@), Lin (BV605) (BioLegend@), CD34(AF647) 
(BD biosciences inc), and CD16/32(PE-Cy7) (eBosciences) for 30-60 minutes on ice. 
Cell sorting was performed on BD FACSAria (BD biosciences Inc) using FACSDiva TM 
software. GMP gates were defined as positive for c-kit, CD34, CD16/37, GFP (AML 
cell marker), and negative for lineage markers and 7 AAD (Invitrogen/Life Technolo-
gies). The Lin negative cells, enriched for c-Kithigh/CD34+/CD16/37+/ /GFP+ 
(L-GMP) were automatically collected in 1.5 ml Eppendorf tubes with 0.5 ml PBS 
(2% FBS). 
Retro-orbital injection 
The injection volume in our studies is limited not to exceed 200 p,L. The mouse is first 
anesthetized under 4% vaporized isofiurane once. The mouse is then positioned on 
its side and restrained with the non-dominant hand, pulling back the loose skin over 
the shoulders and behind the ears. The index finger of the non-dominant hand draws 
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back the skin above the eye and the thumb to draw back the skin below the eye. The 
eye will protrude slightly. The needle can then be inserted at approximately a 45 
angle to the eye, lateral to the medial canthus, through the conjunctival membrane. 
There is a degree of resistance, which causes the eye to retreat back into the sinus, 
until the needle pierces through the conjunctiva. The needle will be positioned behind 
the globe of the eye in the retrobulbar sinus. A sharp cutting needle is preferred as 
it results in reduced tissue distortion and damage. The material is injects into the 
retrobulbar sinus and the needle gently removed to prevent injury to the eye. A mild 
pressure to the injection site is applied with a gauze sponge after closing the eyelid. 
The injection site is inspected for swelling or other visible trauma before returning 
the mouse to its cage, once it regains its righting reflex. 
DiO cell labeling 
To enhance fluorescence intensity, isolated cells can be membrane labeled with Vi-
brant DiO Cell Labeling Solution (3,3-dioctadecyloxacarbocyanine perchlorate, Invit-
rogen/Life Technologies) at a concentration of 106 cells/ml for 20 minutes at 37o C 
in PBS + 0.1% BSA, fraction V (Life Technologies) according to the manufacturers 
directions. Cells were then washed with PBS + 2% FBS, and resuspended at 3.8 x 
105/ml in PBS + 4% FBS for single cell delivery. 
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4.3.3 Bone marrow integrity assessment 
Regulatory T cell motility assay 
The skull bone of FoxP3-GFP mice was exposed as previously described. Under the 
confocal/multiphoton imaging microscope (Section 4.3.5), GFP+ regulatory T cells 
in a BM cavity were imaged over time by recording an image every 50 sec for 10 
min. A delivery channel was laser ablated in the imaged BM cavity using the optical 
delivery platform. Mice were then returned to the confocal/multiphoton microscope 
for 20 min of imaging post-ablation at the same location. The imaging/ ablation of 
the same BM cavity was insured by registering all positions with respect to the central 
vein and coronal suture. The motility of GFP+ cells was quantified with an image 
processing and analysis software (Manual Tracking, FIJI) . 
Vascular integrity assessment 
The skull bone of C57 / B6 mice was exposed as previously described and the vascula-
ture imaged by TPEF of an intravenously infused fluorescent dye with the cell delivery 
platform (Section 3.4.2) . 50 mL of rhodamine-B ,70kMW dextran (Invitrogen) at 10 
mg/mL in sterile sodium chlorine solution was injected retro-orbitally either before 
or 60 minutes following drilling of a delivery channel. Injecting the dye before drilling 
allowed to asses structural changes to the vasculature (rupture) caused by laser abla-
tion. Additionally to the structural information, dye injection following bone drilling 
informs on changes in blood flow and vessel permeability. 
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4.3.4 Characterization of optical tweezers 
Propidium iodide (4 p,L, 1.0 mg/ mL solution in Water, Invitrogen) or Annexin V, 
Alexa Fluor@ 594 Conjugate (4 p,L, Invitrogen) were added to 1000 p,L of Nalm6-
GFP. A well was made on a glass slide with ring-tape and 20 p,L of the cell suspension 
was placed in a well before adding a coverslip. Single cells were trapped for 20 sec 
with varying power of the optical tweezer. Their locations was recorded and they 
were imaged for 10 min using the 525 nm and 600 nm TPEF channels. At least 30 
cells from 3 different experiments were trapped at every power. The same experiment 
was repeated with a LKS cell suspension at 380,000 cell/mL and Annexin V, Alexa 
Fluor@ 594 conjugate. Probit statistical analysis was performed with Matlab to 
determine the fraction of cell apoptosis/death as a function of average power. 
4.3.5 Optical microscopy platform for follow-up imaging 
The follow-up imaging is not performed on the optical platform. The microscope 
used for follow-up imaging uses the same scanning engines, acquisition software, and 
objective lens (60x 1.0 NA water immersion) to yield a field of view of 500 x 500 
p,m. A single PMT (PMT-7950 series, Hamamatsu) is used to detect the SHG sig-
nal from bone generated with the Mai Tai light at 840 nm. The system contains 
three continuous wave lasers 491 nm (Dual Calypso, Cobalt AB) , 561 nm (Jive, 
Cobalt AB) , and 638 nm (Radius, Coherent). The GFP signal is detected at 528 
nm (FF01-528/38-25, Semrock). The DsRed signal is recorded at 593 (FF01-593/40-
25, Semrock). Autofluorescence can be detected in the DsRed channel or at longer 
wavelength (FF01-695/55-25, Semrock) . The fluorescence light is detected by PMTs 
(PMT-C7247-01 series, Hamamatsu) in a confocal detection configuration. An image 
from the calvarial BM is shown in Fig. 3·19. 
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Figure 4·3: Representative image from the follow-up imaging micro-
scope. SHG from bone is shown in blue. Actin-DsRed (red) and actin-
GFP (green) BM cells were injected in a lethally irradiated mouse retro-
orbitally 6 weeks prior to imaging. Image size: 500 fj,m . 
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4.3.6 Short-term tracking 
Intravital microscopy was performed on day 2 and 5 after transplantation unless 
otherwise mentioned (Section 4.3.5). For exposure of the skull, cuts in the skin were 
made along the opening created for cell delivery. In general, the skull is cleaned prior 
to imaging. For follow-up imaging after delivery, no cleaning attempt should be made. 
Cleaning of the skull should not be necessary if post-delivery surgical procedures were 
performed correctly. Soft tissue not attached to the skull can sometime be found, and 
should be removed delicately using tweezers and scissors. It should not be simply pull 
out. Pulling out soft tissue and making the cut in a different position generate more 
damage to the skin and can lead to drying, or death, of the skin flap. Nevertheless 
the principal reason for not cleaning the skull is to keep the delivery site intact. At 
day 2 and 5, the microchannel has not yet been repaired, i.e. hard bone has not been 
formed. It is therefore filled with cells, and sometime blood vessels, that can be easily 
disrupted by a light swept with a cotton swab. 
When irradiation is used, bleeding can be a problem on day 5 imaging because 
mice have less platelets. Bleeding was not a problem on day 2. When bleeding occurs 
there is no other options than waiting for it to stop by itself. During the waiting 
period it is important not to let the skull dry. The bleeding will stop on a dry 
skull, but will restart immediately when immersion liquid is added. To validate the 
information obtained in vivo when imaging was difficult, mice were re-imaged on day 
5 right after euthanasia. Following euthanasia, no bleeding occured. 
A second short-term tracking experiment consisted in delivering with glass mi-
cropipettes a varying number of Nalm6 cells in culture wells. This assay aimed to 
evaluated the survival and proliferation frequency of Nalm6 cells in vitro as a com-
parative to in vivo imaging results. In culture media and with 100 Nalm6-RFP, 12 
wells received single Nalm6-GFP cells and 8 wells received ten Nalm6-GFP cells. The 
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frequency of cell survival and proliferation on day 5 were calculated with the L-calc 
program from stem cell technologies. 
4.3. 7 Long-term trackings 
Long-term tracking was performed for up to 4 months for HSC. Peripheral blood 
was collected on week 11 and the BM was harvested on week 16. To bleed mice, a 
puncture was made on the cheek-pouch (submandibular site) using a 5 mm mouse 
bleeding lancet (Goldenrod, MEDipoint , Inc.). 1.5 mL micro-centrifuge tubes (Fisher 
Scientific) were used to collect peripheral blood. A sterile gauze pad was applied to 
stop the bleeding. The blood was suspended in 50 ml of ice-cold PBS (2% FBS) and 
then pelleted by centrifugation at 400 g for 10 minutes. The bone marrow cells were 
then resuspended in PBS (plus 2% FBS). Bone marrow was harvested as previously 
described, but did not undergo antibody staining (Section 4.3.2). Cell counting was 
performed on BD FACSAria (BD biosciences Inc) using FACSDiva™ software based 
only on the GFP expression level. Samples were not depleted of red blood cells. 
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4.4 Results 
4.4.1 Characterization of femtosecond laser ablation 
In order to gain access to the BM, a microchannel is created through the hard bone 
matrix using femtosecond laser ablation (Fig. 4·4). Tissue removal must minimally 
modify the state of the BM. Plasma-mediated laser ablation with femtosecond pulses 
is thus an appropriate tool. The high irradiance (2.5 TW jcm2 ) and relatively small 
energy threshold (1 Jjcm2 ) for femtosecond pulse ablation compared to longer pulses 
minimizes thermo-mechanical damage to the surrounding tissue [Tsai et al., 2009, Lim 
et al., 2009, Jeong et al., 2013]. 
An ideal delivery channel is one that is slightly larger than the size of the cell 
to be delivered. The regenerative amplifier produces pulses with the energy needed 
for ablation. Single 225 nJ pulses (radiant exposure of 7.5 Jjcm2 ) can precisely 
remove about 1 p,m3 of bone, corresponding to an ablation efficiency of 4 p,m3 j p,J. 
The fast axis was scanned at 5.6 mm/s, displacing adjacent pulses by 0.5 p,m. The 
microchannel depth was adjusted to reach BM cavities that are a different depth, 
without ablating into them. A depth of 100 p,m can be reached in a minute. 
Use of a high numerical aperture objective requires that a V-shaped channel be 
created with a larger opening at the top, tapering down to an opening of less than a 
few cell diameters at the entrance to the BM cavity (Fig. 4·5). Channel shape is con-
trolled by moving the laser focus with a pair of galvanometric scanners both controlled 
with a hardware control card (NI USB-6211, National Instruments), while chiseling 
away at the bone with the 10.5 kHz pulse repetition frequency of the regenerative 
amplifier. 
(a) 
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Before (b) After 
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Figure 4·4: Microchannel drilling. Cortical bone images taken before 
(a) and after (b) laser ablation of a micro channel for cell delivery. The 
channel has a visible opening to the BM at the bottom. Images are 
shown as maximum intensity projections. The width of the channel at 
the top of the skull is larger than the size of the opening. White: SHG. 
Scale bars: 50 J-lm. 
Figure 4·5: Microchannel shape. Single plane images during intravital 
bone ablation from the top of the skull to the BM opening (from left 
to rigth) . The size of the microchannel decreases with depth, resulting 
in a V-shape. At the deepest position, only a portion of the bone is 
removed, creating a small opening to the BM. The maximum ablation 
depth is limited here by the low aspect-ratio of the channel. White: 
SHG. Field of view: 360 J-lm. 
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4.4.2 Bone marrow integrity assessment 
Two experiments were performed to evaluate the effects of drilling microchannels 
with femtosecond laser pulses. A wide variety of models could have been used but 
the emphasis was put on models related to the stem cell microenvironment. 
Regulatory T cell motility assay 
FoxP3 regulatory T cells are known to provide an immune-privilege niche for HSPC 
[Fujisaki et al., 2011]. A fraction of regulatory T cells is motile and patrols the BM 
under steady state conditions. The motile fraction and velocity of motile regulatory T 
cells was evaluated before and after ablation at one location in different mice (n=5). 
The velocity of all cells was analyzed. Here we define non-motile cells as cells having 
a velocity lower than 4.5 J..Lm/min as shown by the histogram in Fig. 4·6. For the 
quantification of the fraction and velocity of motile cells, only cells having a velocity 
above 4.5 J..Lm/min were considered. 
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Figure 4 ·6: Regulatory T cell motility histogram. Two cell popula-
tions were distinguishable based on their motility. A group of cells was 
non-motile and another one was motile. The threshold between the two 
group was found at 4.5 J..Lm/min. 
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The fraction of motile cells varied largely between cavities, but was not signifi-
cantly different in a same cavity following laser ablation (Fig. 4·7(a) - paired t-test, 
p=0.43). In one case, the fraction of motile cell went from 10% to 0%. In this mice , 
the randomly selected cavity had a low number of FoxP3-GFP cells and only one cell 
was initially motile. The only motile cell was no longer visible following ablation. 
Although the latter data was included in the analysis, it is important to realize that a 
better evaluation of the motile cell fraction and motility is obtained when more cells 
are analyzed. 
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Figure 4·7: Regulatory T cell motility assay. (a) Motile fraction and 
(b) average velocity of the motile fraction before and after micro channel 
ablation. The average velocity of mice with a zero motile fraction was 
not evaluated. 
The fraction of motile cells informs on activation or de-activation of motile cells. 
It does not inform on motile cell functions. The average velocity of motile cells was 
evaluated with the goal of verifying if the motility would increase or decrease. No 
significant changes in velocity were observed (Fig. 4· 7(b) - paired t-test, p=O. 79) 
and differences between the two test conditions were well within the sample standard 
deviation. 
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Vascular integrity assessment 
The zone of tissue damage created by the laser ablation procedure can be assessed by 
examining the integrity of the vasculature near t he site of ablation. The BM contains 
an extremely dense vascular network, which makes up approximately 25-30% of t he 
BM by volume [Lo Celso et al. , 2009b, Kunisaki et al. , 2013, Nombela-Arrieta et al. , 
2013] . The blood vessels are easily disrupted if they are directly exposed to the 
ablation beam [Nishimura et al. , 2006] . By carefully avoiding direct exposure of 
blood vessel to the ablating laser beam, the microchannel were successfully drilled 
while blood vessels adjacent to or below the ablation site remained structurally intact 
(Fig. fig:VascularLocal) . Only vessels located directly at the opening were disrupted. 
(a) Before (b) After 
+ 
Figure 4·8: Vasculature after microchannel ablation. The BM being 
highly vascularized, the delivery sites were selected to minimize dam-
age to the vasculature during femtosecond laser ablation. Vasculature 
images taken (a) before and (b) after ablation showing intact blood ves-
sels adjacent to the ablation site. Red: Rhodamine-6G,70kD dextran . 
Scale bar: 50 p,m. 
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Minimizing the pulse energy is critical to minimize the extend of thermomechanical 
damage. To illustrate this important aspect, a microchannel was made with twice the 
necessary energy (550 nJ). Following laser ablation with higher pulse energy, all blood 
vessels were disrupted (Fig. 4·9). This observation confirmed that thermomechanical 
damage related to ablation bubble dynamics will occur even at pulse energy much 
lower than what is considered moderate (8 1Ll, [Jeong et al., 2013]). In a single-
pass configuration of scanned ablation, working as close as possible to the ablation 
threshold will therefore better preserve the BM integrity. 
(a) Before (b) After 
Figure 4 ·9: Positive control of vascular damage. Vasculature images 
taken (a) before and (b) after ablation showing complete disruption of 
all blood vessels in the BM cavity. The red signal outside blood vessels 
in (a) is leakage of the dye 1 hour after injection. Red: Rhodamine-
6G,70kD dextran. White: SHG. Field of view: 360 J-Lm. 
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The previous experiments allowed assessing the structural impact of laser ablation 
on the vasculature. To provide an insight into the functionality of the vasculature, 
a vascular dye was injected one hour after microchannel drilling. As the dye leaks 
out of the vasculature (Fig. 4·9(a)) , it was necessary to inject it at the time of imag-
ing in order to assess vessel permeability and to properly visualize the vasculature. 
Following injection of the dye an extensive vascular network became visible, even 
in the proximity of and under the opening, confirming maintenance of a blood flow 
(Fig. 4·10). As expected, only the vessel located at the opening appeared disrupted. 
Additionally, no excessive leakage was observed. In sum, these observations agrees 
with the idea that femtosecond plasma-mediated laser ablation minimally damage 
adjacent tissue and only have local effects. 
Figure 4·10: Blood flow after ablation. Single-plane image of the 
BM vasculature at different depths. Images were recorded immediately 
after injection of the vascular dye , but one hour after ablation. White: 
SHG, Red: Rhodamine-6G,70kD dextran. Field of view: 360 f.-LID. 
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4.4.3 Characterization of optical tweezers 
Viability of optically trapped cells was assessed by cell-death assays. Propidium 
iodide uptake and Annexin V affinity to apoptotic markers are commun cells death 
assays that can be performed in conjunction with optical microscopy [Vermes et al., 
1995, Riccardi and Nicoletti, 2006]. Both assays were first performed on Nalm6-GFP 
cells. At the average power used for delivery (10 mW) , a Probit analysis revealed 
that 1.5 x 10-3% and 0.6% of tweezed cells will undergo apoptosis according to the 
propidium iodide and annexin V assays respectively. These numbers correspond to 
no observation of cell death in the experimental data at 10 m W. Overall the annexin 
V assay is more sensitive to apoptosis . This is revealed by the fact that the dose-
response curves are translated with respect to each other, i.e. the propidium iodide 
curve reaches 50% cell death at a higher average power (Fig. 4·11(a)). 
The annexin V assay was repeated on HSPC-GFP because all cell types are not 
expected to be affected by the optical tweezers in the same way. More than 98% of the 
trapped HSCs remained viable (Fig. 4·11 (b)). HSPC were slightly more susceptible 
to become apoptotic than Nalm6 following laser irradiation. On another hand, 100% 
of the HSCs died instantaneously at a power 3.5 time larger. This can be taken 
advantage of when cell delivery fails, i.e. cells occasionally get stuck to the bone wall 
before they reach the bottom of the microchannel and have to be destroyed to allow 
a new cell to be delivered (Fig. 4·12). 
The calculated cell death was sufficiently close to zero at 10 m W to justify the use 
of this average power in the optical tweezers. It is to note that reducing the average 
power to 5 m W minimally changes the cell death fraction, while making the optical 
tweezers too weak for cell delivery. With an average power of 10 m W in the optical 
tweezers , cells can be caught as they are ejected from the glass micropipette and can 
be positioned at the bottom of the delivery channel (Fig. 4·13). 
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All transplantations discussed in this work were nevertheless performed because 
the CW optical tweezers was the last component installed on the optical micromanip-
ulation platform. NIR CW optical tweezers generate less damage than pulsed optical 
tweezers at the same wavelength [Konig et al., 1995, Konig et al., 1996]. Although a 
formal cell death and a comparison with the pulsed optical tweezers remained to be 
performed, all future optical transplantations are expected to be performed with the 
CW optical tweezers. 
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Figure 4·11: Cell death assays for Nalm6-GFP and HSPC-GFP cells. 
Dots correspond to experimental data points. Full lines are results of 
the Probit analysis. Dashed Lines are the 95% confidence interval level. 
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(a) Before (b) After 
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Figure 4·12: Targeted laser cell killing. The transfer of a single cell 
from the glass micropipette to the optical trap can fail. In such cases, 
cells can fall out of the micropipette and settle onto the bone surface. 
As the control of the number of delivered cells is critical, miss-delivered 
cells have to be removed. This is accomplished by illuminating the 
cell with the pulsed optical tweezer beam at maximum power. White: 
SHG, Green: confocal GFP, Red: autofluorescence at 600 nm. Field of 
view 360 p,m. 
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Figure 4·13: Live HSC trapping. Images from a transfer sequence 
of a cell to the optical tweezers and cell positioning. (a) The glass 
micropipette loaded with HSPC GFP+ cell was positioned such that 
its tip was at the location of the optical tweezer. (b) One cell was 
slowly released from t he micropipette. (c) Once the cell has felt into 
the optical trap, TPEF signal is generated. (d-e) The cell is t hen guided 
to the top of t he BM cavity by raising t he mouse stage. (f) At the end, 
the mouse is quickly moved laterally for the cell to fall out of the optical 
trap. White: SHG, Green: GFP. Field of view: 360 J..Lm. 
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4.4.4 Cell transplantations 
Direct cell transplantation in the calvarial BM was performed with five different cell 
types. The information about cell types is presented in Table 4.1. As it will be 
discussed in the next section, different cell types were not delivered only to assess 
transplantation capabilities of the optical platform. The intention was to provide an 
extensive picture of how the platform can be taken advantage of in biological studies. 
A total of 86 local transplantations under ten different conditions were 
successfully completed. These experiments constitute the core of the work pre-
sented in this chapter and are summarized in Table 4.2. The rational behind them 
is found in the short- and long-term tracking of delivered cells that was performed. 
The transplantations themselves do not vary much between cell types. Nevertheless, 
some technical details should be discussed here. 
Nalm6 cells were the easiest to transplant. Their GFP expression level was high 
making them easily visible. Their circular shape and size made them good candi-
dates for optical trapping. One difficulty of transplantation experiments was the 
synchronization between the different experimental components. Nalm6 cells were 
taken directly from culture and were immediately ready for transplantation. Their 
delivery thus requires the minimal number of experimental steps. Additionally, the 
abundance of cells in culture makes it possible to adjust the cell concentration for 
cell picking. The suspension media can also be modified according to the changing 
adherence (stickiness) to glass on different days. An example of a delivered Nalm6 
cell is shown in Fig. 4·14. 
There were no major differences between the delivery of HSPC, LT-HSC and LSC. 
Cell sorting is required for all three cell types and provided a limited number of cells. 
The limited number of cells is not a problem as only four single-cell deliveries can be 
performed on the same day, i.e. only few cells are needed. Cells nevertheless need to 
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be harvested and sorted on the day of the delivery. This process usually began at 9 
am and cells were available at 2 pm. A single delivery took 45 minutes, including pre-
and post-surgical manipulations. As the health of delivered cells was a concern, the 
number of deliveries was limited to four, making the total time from the donor mouse 
euthanasia to the last cell delivery less than 9 hours. The circular shape and size of 
HSC and LSC also made them good candidates for optical trapping. An example of 
a delivered HSPC is shown in Fig. 4·15. 
Mesenchymal stem cells were much larger in size than all other cell types. They 
were in fact too large for the optical tweezers to trap them. MSC were therefore 
dropped into channels with no control on their final location. For this reason, no 
single-MSC delivery was achieved. Instead, MSC were delivered in group of ten or 
more at the same location. This approach assured that at least a few cells would be 
found in close proximity to the opening. A recurrent problem with all cell types was 
cells sticking inside the glass micropipette and not moving. Changing the suspension 
media was in general sufficient to solve the problem. Protocols were optimized and 
the information provided in Section 4.3.2 allows to minimize stickiness. This problem 
was nevertheless more pronounced with MSC and constitutes yet another reason for 
not performing single-MSC transplantations. 
Individual and group of cells can be delivered in a channel. The optical platform 
has other capabilities. It can be used to deliver cells of different type in the same 
channel, which will be referred to as co-transplantations (Fig. 4·16). Multiple delivery 
channels can also be ablated throughout the skull and single cells placed into them 
(Fig. 4·17). 
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(a) 
(b) 
Figure 4·14: Nalm6 cell after delivery. (a) Maximum intensity pro-
jection showing a cell in the microchannel sitting next to the opening. 
(b) A 3D reconstruction showing the cell sitting at the bottom of the 
microchannel. The cortical bone and BM are delineated by the dashed 
line. The V-shape of the channel as presented in Fig. 4·5 is also visible. 
White: SHG, Green: GFP. Scale bar: 50 p,m. 
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(a) (b) 
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(c) 
Figure 4·15: HSPC after delivery. (a) The cell is initially in a glass 
micropipette. (b) Maximum intensity projection and (b) 3D recon-
struction showing the cell sitting at the opening where the channel 
intersect the BM. White: SHG, Green: GFP. Scale bar: 50 f.-LID. 
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Figure 4·16: Co-transplantation of Nalm6 cells. Maximum intensity 
projection a microchannel containing a single Nalm6-GFP cell and mul-
tiple Nalm6-RFP cells. Cells were delivered sequentially. White: SHG, 
Green: GFP, Red: RFP. Scale bar: 50 f-lm. 
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Figure 4·17: Delivery at multiple locations. Stitching of live-
streaming images acquired during survey of the skull. Two Nalm6-GFP 
cells are in two different microchannels. The video was recorded during 
the micro-pipetting of the third cells. White: SHG, Green: GFP. Scale 
bar: 360 f-Lm. 
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4.4.5 Short-term tracking 
At the end of the delivery process, cells are at the bottom channel, near the opening 
to the BM. To determine whether single delivered cells could penetrate fully into 
the bone marrow, intravital microscopy was performed on days 2 and 5 after trans-
plantation. Two parameters were tested in the initial experiments. First , the effect 
of irradiation was assessed by delivering a single GFP+ cell in non-irradiated (E1) 
and lethally irradiated (E2) mice (Table 4.3). No cells were found in non-irradiated 
recipients, while 86% of Nalm6-GFP could be follow-up (Fig. 4·18). The necessity 
of irradiation for cells to penetrate in the BM and survive for multiple days was 
not surprising. In fact, host immune cells were expected to recognize the human 
leukemia cell as foreign and eliminate it. Delivered cells were more likely to survive 
in immune-compromised recipients. 
Single Nalm6-GFP were co-transplanted with five Nalm6-RFP (E2). No RFP+ 
cells were visualized although almost all GFP+ cells were recovered. As visible in 
Fig. 4·18, there exists a population of autofluorescent cells in the BM. The autofluo-
rescence spectrum is wide, but stronger around 600 nm. The difficulty of visualizing 
RFP+ cells following delivery is therefore likely related to the fact that their emission 
spectrum peak is close to the autofluorescence one. To formally test this hypothesis, 
single HSPC expressing either DsRED (E3) or GFP (E4) were delivered in lethally-
irradiated recipients (Table 4.3). DsRed has a similar emission spectrum to RFP. 
Significantly more GFP+ cells were found than DsRed+ ones (z-test on proportions, 
p* = 0.038). Unless the fluorescence signal is much stronger than the autofluorescence 
background, only fluorophores with an emission spectrum distinctively different from 
the autofluorescence should be used. 
No proliferation of Nalm6-GFP cells was observed in E2. A dilution assay was 
performed to verify the in vitro survival and proliferation of Nalm-GFP cells. In order 
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to maxime the survival and proliferation conditions, cells were co-cultured with 100 
Nalm6-RFP in culture media. The analysis with 1-calc revealed a 15% survival after 
5 days , 5. 7 fold smaller than the 86% in vivo survival. Only one out of the 13 single-
cell cultures proliferated and none of the 8 ten-cell cultures did. These observations 
do not fit the statistical model in 1-calc, but indicate proliferation is low, even for 
Nalm6 cells that were not optically trapped. 
(a) Day 2 (b) Day 5 
Figure 4·18: Short-term imaging of Nalm6 cells. Intravital confocal 
and multi photon imaging of the delivery site (dashed circle) revealed 
the presence of a single Nalm6-GFP cell (arrow) close to the delivery 
site, but well within the BM. The GFP signal can be separated from 
the autofluorescence signal from endogenous cells. White: SHG, Green: 
GFP. Red: autofluorescence at 600 nm. Scale bar: 50 p,m. 
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An important parameter of short-term tracking is the position of delivered cells 
with respect to the site they were delivered (Table 4.4). As previously mentioned, 
Nalm6-GFP cells (E2) can be tracked. All cells found had penetrated into the BM 
and moved on average a distance of 154 f.-LID from the delivery site. On another hand, 
MSC did not migrate away from the delivery site (E7). Interestingly, hematopoietic 
progenitors transplanted alone (E4 and E5) migrated on average more than 1000 f.-LID 
away from the delivery site. Hematopoietic progenitors also distinguished themselves 
from Nalm6 and MSC by their ability to proliferate. An example of HSPC prolifer-
ation is shown in Fig. 4·19. Since GFP is only expressed in the donor and not the 
host cells , the multiple GFP cells observed at day 5 provide clear evidence of local 
proliferation from the single transplanted cell. 
(a) Day 2 t- ... (b) Day5 .. -.. I 
Figure 4·19: Monitoring engraftment after single HSPC transplanta-
tion. (a) Image taken near the delivery site 2 days after transplantation 
of a single LKS cell into the BM. The image was taken 100 f.-LID below 
the bone surface. (b) The same location imaged 5 days after the deliv-
ery. To improved image quality the bone was thinned down to 15 f.-LID. 
White: SHG, Green: GFP. Field of view 500 f.-LID. Below (a) and (b) 
are maximum intensity projections of 3D reconstructions. 
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A closer look was taken at the engraftment of the different hematopoietic stem 
cell populations, HSPC (E4) and LT-HSC (E5). The LT-HSC contains a stem cell 
fraction estimate to 22% [Osawa et al., 1996], whereas the stem cell fraction in HSPC 
is too small to be accurately estimate with dilution assays. HSPC were found on 
average 1060 ~J,m away from the delivery site (Table 4.5). LT-HSC were expected to 
be less motile, but were also found at a similar distance (1088 ~J,m). In an effort to 
keep the cells at the delivery site, single LT-HSC were co-transplanted with MSC (E7, 
Fig. 4·20). In all three experiments (E4, E5, and E7), a similar fraction of cells were 
found by intravital microscopy ( rv33%, Fig. 4· 21 (a)). A significantly larger fraction of 
LT-HSC co-transplanted with MSC were found in proximity of the delivery compared 
to LT-HSC alone (Fig. 4·21(b)). Proliferation of HSC was found in 5 out of 6 tracked 
cells (Fig. 4·21(c)). In most cases, single cells formed doublets or triplets. There 
was only one case where a large number of cells (rv20) were observed (Fig. 4·19) . 
Proliferation was observed in half the LT-HSC cells, but absent in the LT-HSC/MSC 
ones (Fig. 4·21(c)). 
Figure 4·20: Approach to co-transplantation. 
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Figure 4· 21: HSC tracking summary. (a) Fraction of recipients wit h 
at least one cell found . (b) Distance of found cells from delivery site. 
Each dot is one cell, except for t he point labeled 20 cells, and each 
label type is for one recipient. (c) Fraction of proliferation in found 
cells (z-test on proportions, p* = 0.005, Bonferroni correction). 
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In a different set of experiments, LSC were locally transplanted in sublethally 
irradiated mice (E8, E9, and ElO). Intravital microscopy for short-term tracking was 
performed on day 3 and 7. At those time points, no GFP+ cells were visualized in 
mice that received LSC not co-stained with a membrane dye (E8 and E9, Table 4.6). 
The GFP signal of delivered cells was dim and it might not have been possible to 
track cells for this reason. To test this hypothesis , ten GFP+ LSC co-labelled with 
DiO were transplanted in four mice (ElO). Cells were visible in all recipients (Table 
4.6). 
(a) (b) 
Figure 4·22: LSC imaging on day 32. (a) Image at the top of the skull 
showing the repaired microchannel location (dashed line). (B) A cell 
is visible adjacent to the delivery site into the BM. Blue: SHG, Green: 
GFP. Field of view: 500 p,m. 
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Single LSC recipients were imaged again 32 days following transplantation (E8) . 
Surprisingly, GFP+ cells were found in 50% of them (3 out of 6, Table 4.6) but no 
extensive proliferation occurred. Two mice had single cells and one was adjacent to 
the delivery site (Fig. 4·22). In the third mice, a doublet was found , meaning that 
the delivered cell had undergone at least one cell division (Fig. 4·23). One recipient 
received two LSC and was imaged 32 days following transplantation as well (E9). A 
single GFP+ cells was found again adjacent to the delivery site, a situation similar 
to the one depicted in Fig. 4·22. 
(a) (c) 
Figure 4·23: LSC proliferation on day 32. Two GFP+ LSC are in the 
BM in close proximity to the delivery site as shown from (a) a single 
image and (b) a three-dimensional reconstruction. (c) The autofluores-
cence was always verified to avoid false-positive identification of GFP+ 
cells. Blue: SHG, Green: GFP, Red: autofluorescence. Field of view: 
500 f-Lm. 
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A second group of single LSC recipients was imaged on day 90 (n=4). From this 
group, one recipient died on day 47 and was not imaged. One of the three imaged 
mice had two individual cells at different locations (Fig. 4·24). In summary, GFP+ 
cells were found in 50% of single-LSC recipients at day 32 (n=6) and 33% at day 90 
(n=3). Proliferation to 2 or 3 cells was observed in 50% of recipients with trackable 
cells. Proliferation was not observed as a local expansion of leukemic cells, but as 
individual cells or cell doublets at different locations. Half of all cells were located 
in close proximity of the delivery site (Fig. 4·26). Additionally, all mice in which 
proliferation was observed had distal and proximal cells relative to the delivery site 
(limit 500 J-lm). 
(a) (b) 
Figure 4 ·24: LSC imaging on day 90. Two GFP+ leukemic cells are 
in the BM from at different locations, (a) 205 and (b) 555 J-lm away 
from the delivery site. Blue: SHG, Green: GFP, Red: autofluorescence. 
Field of view: 500 J-lm. 
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The first LSC recipient group was imaged again at day 140. No local proliferation 
was observed. Instead, individual GFP+ leukemia cells were found in five out of the 
six single-cell recipients. This is two more than on day 32. Comparing the location 
and number of cells on day 32 and day 140 is informative (Fig. 4·26) . First, the 
number of cells found in mice identified as B4 and C2 increased, passing from a single 
cell to two and three cells respectively. Mouse A3 had three visible cells on day 
32, including a doublet in the proximity of the delivery. On day 140, only one cell 
remained near the delivery site. 
(a) (b) 
Figure 4·25: LSC imaging on day 140. Single GFP+ leukemic cells 
were found in the BM multiple recipients. Two examples from different 
mice are shown (a- 100 f.-LID and b- 1590 f.-LID from the delivery site). 
Blue: SHG, Green: GFP, Red: autofluorescence. Field of view: 500 
f.-LID. 
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Figure 4·26: LSC tracking. Distance of GFP+ leukemic cells from 
the delivery site for individual mice. Each point represents a cell. 
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4.4.6 Long-term tracking 
To test the long-term engraftment capacity of delivered cells, single LT-HSC from 
actin-GFP donors were delivered in lethally irradiated recipient C57BL/6 mice (E6). 
To provide short-term support 300,000 whole BM cells from C57BL/6 donor were 
co-transplant intravenously. From the 11 recipients, 4 died within the first 2 weeks. 
Death from irradiation damage was expected. The peripheral blood was collected 
at week 11 after transplantation and blood cells were sorted by FACS to detect the 
presence of donor-derived GFP+ cells in the circulation. We observed chimerism in 
5 out of the 7 surviving recipients at level between 0.12% and 0.00162% (Fig. 4·27). 
The BM was harvested at week 16 and BM cells were sorted by FACS to detect the 
presence of donor-derived GFP+ cells. One recipient had a large fraction of GFP+ 
cell in its BM and no GFP+ cells were detected in the others mice. The mouse 
with GFP+ BM cells was one with the lowest chimerism in the blood at week 11. 
Taken together, these results suggest that successful engraftment of the GFP+ cell 
occurred in 71% of the surviving recipients with 80% of LT-HSC (LKS, CD34-, Flt3-) 
cells having a short-term persistence in the peripheral circulation (n=4) and 20% a 
long-term one (n=1). 
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Figure 4·27: Peripheral blood analysis following single-cell transplan-
tation by FACS at week 11 for (a) t he positive actin-GFP control and 
(b) one of the single LT-HSC recipients. 
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4. 5 Discussion 
Analysis of the long-term effects of niches on stem cell function have been hampered 
by the inability of serially tracked single transplanted cells with cellular resolution. 
The standard approach for single-HSC transplantation studies is to inject the cell 
intravenously. We have designed a optical platform that bypasses the vascular system 
and directly deliver cells to the BM. With these tools, single cells can be transplanted 
in the BM of live mice (Table 4.2). 
Recent advances in femtosecond laser ablation have been critical to help design 
a microsurgical technique that minimally disrupts surrounding tissue [Tsai et al., 
2009, Lim et al., 2009, Jeong et al., 2013]. As demonstrated, it is possible to gain 
direct access to the BM without damaging the adjacent vasculature (Fig. 4·8 and Fig. 
4·10). Although BM cells and blood vessels located directly under the microchannel 
opening will be disrupted, there currently exists no other technique that can achieve 
such a spatially-limited damage zone. 
The laser tweezers allows for positioning single cells at the entry of a BM cavity, 
but not deep within it (Fig. 4·13, Fig. 4·14, and Fig. 4·15). Delivering a cell deep 
in the BM would require ablating all cells located above the desired position, thus 
altering significantly the microenvironment. Also , because of the high density of blood 
vessels, it would be practically difficult not to disrupt blood vessels and cause massive 
bleeding. For these reasons, cells are brought as close as possible to the opening with 
the laser tweezers and their successful penetration into the bone marrow is mediated 
by the cell itself (Fig. 4·18 and Table 4.3). 
The Annexin V and Propidium Iodide assays are informative on the short-term 
cell viability and helpful in determining the optimal laser power for cell trapping (Fig. 
4·11). However , it provides no information about other possible laser tweezers induced 
photo-damage to HSCs. The ultimate test of HSC functionality is the observation of 
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circulating donor-derived cells. It does not only assess the effects of laser irradiation, 
but encompasses possible alterations of HSCs at all steps of the cell sorting and 
delivery process. The observation of GFP+ cells in the peripheral circulation in 5 
LT-HSC recipient mice strongly suggest that the HSCs were able to differentiate and 
generate functional blood cells (Section 4.4.6). It is of particular interest to note that 
the 20% long-term persistence of GFP+ cells in the peripheral blood coincides with 
the expected literature value of 22% [Osawa et al., 1996]. 
Delivered Nalm6 cells and MSC could be tracked in a large proportion, 86% and 
83% respectively (Table 4.4), whereas a smaller fraction of LT-HSC were visualized 
(33%, z-test on proportions, p* = 0.013, Table 4.5) the week following transplantation. 
Using intravital microscopy alone, conclusion cannot be made on the fate oflost cells. 
Cells can be dead due to manipulations, can be dead due to a host immune response, 
can have migrated to different a region, or can have stopped to express GFP. Although 
from different experimental sets, comparing the short-term and long-term tracking 
of LT-HSC provide an insight into this question. 71% of delivered LT-HSC were 
tracked long-term (Section 4.4.6). This proportion is 2-fold larger than the short-
term tracking value, but not different from the Nalm6 and MSC results (z-test on 
proportions). Adding the fact that LT-HSC were found far from the delivery site, 
this suggests that a portion of the LT-HSC migrated to regions that could not be 
visualized with intravital microscopy. Nonetheless, the location and proliferation of 
cells that remain in the visible region of the calvaria can be characterized (Fig. 4·21). 
Results of short-term tracking depend on the cell type. The location and the 
proliferation were the two parameters evaluated. Except for MSC that remained at 
the delivery site, all cell types were able to penetrate in the BM. Nalm6 were always 
in proximity of the delivery site whereas HSPC and LT-HSC could be found more 
than 1 mm away (Table 4.4). In a attempt to minimize the mobility of HSC, LT-
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HSC were co-transplanted with MSC because MSC have known anti-inflammatory 
properties [Chamberlain et al., 2007] . The current data doesn't allow to discuss the 
interaction between HSC and MSC, but clearly demonstrate that transplantation 
outcome can be modulated by adding material in the microchannel (Fig. 4·21). 
Proliferation was observed in HSPC, LT-HSC and LSC. The proliferation of large 
cell clusters was observed only once in a HSPC recipient. It was never observed in LT-
HSC or LSC. Instead, cells were seen as singlet or doublet disseminated throughout 
the BM. This hold true even when imaging more than 4 weeks after transplantation. 
This observation was verified by injecting SLAM-HSC as defined by Oguro 8 al. 
and imaging the calvaria BM more than 4 weeks following transplantation (Fig. 4·3) 
[Oguro et al. , 2013]. The concept of shifting foci of hematopoiesis was previously 
reported on a larger scale - not at the single cell level [Cao et al., 2004], for normal 
hematopoietic stem cells only. Although this biological observation is preliminary 
and need to be formally tested, it illustrates how the optical platform can provide 
new insights into BM stem cell biology. 
4.6 Conclusion 
In summary, we have developed an optical platform that enables the delivery of 
single cells directly into the BM of live mice with micrometer precision. As assessed 
by short-term and long-term tracking, a large fraction of transplanted cells penetrate 
the BM and engraft. The technique can be used to assess how the cell type, the 
delivery site and the interaction with niche components affect the engraftment of a 
single delivered cell. The delivery procedure itself is robust, but improvement in the 
short-term tracking would be beneficial. In particular, it is not trivial to search the 
skull for a single, not necessarily bright, fluorescent cell. 
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Chapter 5 
Intravital Laser Osteotomy 
5.1 summary 
The bone marrow is an important site where all blood cells are formed from hematopoi-
etic stem cells and where hematologic malignancies such as leukemia emerge. It is 
also a frequent site for metastasis of solid tumors such as breast cancer and prostate 
cancer. Intravital microscopy is a powerful tool for studying the bone marrow with 
single cell and sub-cellular resolution. To improve optical access to this rich biological 
environment, plasma-mediated laser ablation with sub-microjoule femtosecond pulses 
was used to thin cortical bone. By locally removing a superficial layer of bone (local 
laser osteotomy) , significant improvements in multiphoton imaging were observed in 
individual bone marrow compartments in vivo. This chapter demonstrates t he utility 
of scanning laser ablation of hard tissue with sub-microjoule pulses as a preparatory 
step to imaging. 
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5.2 Introduction 
The concept of stem cell niches, where stem cells reside, implies that the position of 
cells in biological tissue regulates their function. Confocal and multiphoton scanning 
microscopy are commonly used to describe the microenvironment of hematopoietic 
stem/progenitor cells (HSPC) and cancer cells in the bone marrow (BM) [Mazo et al., 
1998, Lo Celso et al., 2009a, Colmone et al., 2008]. Live animal imaging of the BM 
is usually performed in the skull calvarial bone through a relatively thin (50-75 t-tm) 
hard bone matrix [Lo Celso et al., 2009b]. However, imaging through highly scattering 
bone yields image quality that is not maximal and limited imaging depth [Firbank 
et al., 1993]. Therefore, approaches are needed to maintain the diffraction limited 
focus, and hence improve the optical signal generation and detection. 
A straightforward approach, osteotomy, consists of thinning the bone. Osteotomy 
has been performed for decades with mechanical tools and found many applications 
[Xu et al., 2007, Amendola and Bonasia, 2010]. In particular, cranial osteotomy has 
served as a means to increase access to the central nervous system by removing most 
of the overlying bone, including the BM space [Schaller et al., 2005, Holtmaat et al. , 
2009]. Although multiple protective layers of the central nervous system separate 
bone from the brain (dura mater, arachnoid membrane and pia mater), mechanical 
osteotomy can have deleterious effects on the brain [Xu et al. , 2007, Piper et al. , 
1991 , Arieli et al. , 2002]. For imaging the BM, which is located 50-75 t-tm below the 
bone surface in the skull, the precision required to remove less than 50 f.-till of hard 
cortical and spare the BM from damage by far exceeds the capability of mechanical 
tools. 
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Recently, plasma-mediated laser ablation has been proposed as a non-mechanical 
alternative for in vivo cranial osteotomy [Jeong et al., 2011]. The method was com-
bined with second-harmonic generation (SHG) metrology for complete automation. 
More importantly, the brain tissue viability was preserved as assessed by histology 
and functional imaging [Jeong et al., 2013]. The advantage of femtosecond plasma-
mediated laser ablation resides in the decreased energy imparted on the tissue. The 
fl.uence threshold for ablation decreases by 3 orders of magnitude as the pulse dura-
tion is reduced from nanosecond to femtosecond [Vogel and Venugopalan, 2003]. It is 
therefore possible to remove a small volume of tissue per laser pulse (rv1 p,m3 ) , while 
minimizing thermomechanical damage [Vogel and Venugopalan, 2003]. Characteriza-
tion of the ablation threshold in bone has been performed under different conditions 
and is usually found to be rv1 J jcm2 [Cangueiro et al., 2012], or 10 nJ for a 1 p,m2 
focal spot [Tsai et al., 2009]. 
Practical implementations of all-optical cranial osteotomy and histology of the 
brain usually employ higher pulse energies as the speed of tissue removal is also 
an important parameter (e.g. 8 p,J and 10 p,m axial step) [Jeong et al., 2013, 
Tsai et al., 2003]. Performing osteotomy for BM imaging requires more precision as 
only a thin layer of cortical bone needs to be removed and the site to be imaged is 
immediately adjacent to the surgery site , i.e. no protective layers are present. In this 
work, we sequentially remove thin layers (2 p,m) of cortical bone to expose a single 
BM compartment using a pulse energy (0.3 p,J) closer to the ablation threshold, 
where the most significant advantages of femtosecond laser ablation (high spatial 
precision and spatially-confined collateral damages) is realized. Our primary goal is 
to characterize the improvements in two-photon excited fluorescence (TPEF) signal 
from cells residing in the BM. 
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5.3 Materials and Methods 
5.3.1 Animals 
All animal experiments were performed in compliance with institutional guidelines 
and approved by the Subcommittee on Research Animal Care (SRAC) at Mas-
sachusetts General Hospital. Actin-GFP knock-in mice (C57BL/ 6-Tg(CAG-EGFP) 
1310sb/LeySopJ) and C57BL/6 mice were purchased from the Jackson Laboratory 
(Bar Harbor, ME). Col2.3-GFP knock-in mice were kindly provided by Prof. David 
Scadden. To image the skull and perform optical osteotomy, mice were anesthetized 
with isofiurane gas, and placed in an heated holder. A bite bar and a set of 4 head 
screws held the head steady during microsurgery to minimize motion artifacts [Fried 
et al., 2001]. The skull was exposed by making an incision in the scalp. 
5.3.2 Scanning Optical Microscopy 
A titanium:sapphire laser (80 MHz, Mai Tai HP, Spectra Physics) was scanned at 30 
frame per second by spinning polygon (model BMC7, Lincoln Laser) and galvanome-
ter (model 6240H, Cambridge Technology) mirrors (Fig. 5·1(a)) [Veilleux et al., 
2008]. Multiphoton excitation power at 860 nm can be adjusted using a half-wave 
plate (WPH05M-633, Thorlabs) . Second-harmonic generation (SHG) from cortical 
bone collagen was collected at 420nm (FF01-417 /60-25, Semrock) and two-photon 
excited fluorescence (TPEF) from GFP at 525 nm (FF01-525/45-25, Semrock) . A 
808 nm notch filter (NF03-808E-25, Semrock) and a 650 nm short-pass filter (FF01-
650/SP-25) eliminated the laser light and dichroics separate multiphoton emission 
light (720dcxru Chroma and FF458-Di02-25-36 Semrock). The multiphoton emis-
sion light was detected by large area photomultiplier tubes (PMT, R7600U series, 
Hamamatsu) . 
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Measurements were made on the skull between the sagittal suture bifurcation and 
the intersection of sagittal and coronal sutures. More detailed information about the 
location of bone marrow comportments in mouse skulls can be found in Lo Celso et 
al. 2009 and 2011 [Lo Celso et al., 2009a, Lo Celso et al. , 2011]. BM images are 
always captured transversally, but three-dimensional reconstructions can be made to 
show sagittal or coronal sections. All images at a same location were recorded with 
the same excitation and detection parameters. Image post-processing and analysis 
was performed using Fiji and Matlab. Fiji is an open-source image processing package 
largely based on ImageJ that focuses on biological image analysis [Schindelin et al. , 
2012]. 
5.3.3 Femtosecond Laser Bone Thinning 
Plasma-mediated laser ablation was performed using femtosecond pulses from a re-
generative amplifier (380 fs , 10.5 kHz repetition rate , RegA 9000, Coherent). The 
regenerative amplifier was seeded by the Mai Tai beam and pumped by 10 W of a CW 
laser (532 nm, Verdi, Coherent). Volumetric ablation was achieved by scanning the 
beam laterally with a 2D galvanometer mirrors set (GVSM002, Thorlabs) and mov-
ing the sample axially with an automated 3D translational stage (Sutter ROE-200, 
MPC-385, Research Precision Instrument) . The 2D-scanning unit was synchronized 
by the image acquisition software via a hardware control card (NI USB-6211, National 
Instruments) for the slow axis and a function generator (AFG320, Tektronix) for the 
fast axis (Fig. 5·1(a)). The fast axis moved at 15 mm/s at the sample plane. Adja-
cent pulses of 0.3 J-LJ were displaced by 1.45 J-Lm. A flushing system was integrated 
onto the objective to continuously remove debris and ensure uninterrupted surgery. 
(Fig. 5·1(b)). 
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Using the system described above, we aimed to perform local laser osteotomy, 
where the cortical bone overlying a single BM compartment is thinned. Specific 
compartments can be selected depending on their cellular content (Fig. 5·1(c)). To 
generate a full field-of-view with improved optical access, five overlapping areas were 
ablated (Fig. 5·1(d)). The beam is scanned once per axial plane. After single-
pass ablation, the sample was moved up by 2 f-Lm until 10 f-Lm of cortical bone were 
removed at one location. The animal was then moved by 125 f-Lm to an adjacent 
area. These two steps were repeated until 10 f-Lm of cortical bone was removed at 
all five locations. This process was repeated 4 time such that a total thickness of 40 
f-Lm of bone is removed. This iterative process is completely automated and can be 
completed in a single sequence. All laser ablation performed in this work was done 
on live mice. 
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Figure 5- l : Laser osteotomy system and method. (a) Schematic of 
the optical platform. (b) In order to flush debris from the ablation site, 
the immersion solution (Normal saline, Sigma-Aldrich) was circulated 
at high flux through a pair of needles (Gauge 26, 1.3 em length, Fisher 
Scientific) affixed onto the objective lens (60X, 1.0 NA, LUMPLFLN, 
Olympus) and connected to a peristaltic pump (Ismatec, Harvard Ap-
paratus). (c) To improve optical access to HSPC (red) and their neigh-
boring cells (green), cortical bone over one specific BM compartment is 
removed and only a thin layer of bone is left . (d) Five overlapping areas 
were ablated sequentially (region 1 to 5) to provide a full field-of-view 
(region 3) where optical access is improved. 
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5.4 Results 
5.4.1 Characterization of Local Laser Osteotomy 
Local laser osteotomy was successfully performed with 0.3 ~-tJ pulses (10 Jjcm2 fiu-
ence). The 0.3 ~-tJ pulse energy was determined empirically by its ability to perform 
single-pass scanning laser ablation for a fixed pulse separation and axial step size. 
The line scanning frequency was first fixed to 20 Hz such that adjacent pulses would 
overlap (1.45 ~-tm center-to-center). The axial step between ablation planes, corre-
sponding to the ablation depth, has a major impact on the ablation speed. In order 
to maximize the speed, the axial step was set to 2 f.tm. This allows for completion of 
the process in less than 20 minutes. 
Although the total microsurgery time is suitable for live animal studies, the ab-
lation speed of 3x10-5 mm3 /s is smaller than previously reported values varying 
between 0.02 and 0.15 mm3 /sec [Tsai et al., 2003, Liu and Niemz, 2007]. This is to 
be expected when more than 10 times lower pulse energy is used at a similar repetition 
rate. The efficiency of 9.17 ~-tm3 / ~-tJ was found to be similar to previous studies [Arm-
strong et al., 2002, Vitek et al., 2010, Cangueiro and Vilar, 2013]. The ablation 
efficiency critically depends on the rate of debris removal. The flushing system is 
therefore an indispensable component [Tulea et al., 2013]. 
5.4.2 Characterization of TPEF imaging after osteotomy 
The improvement in optical access to the BM after local laser osteotomy was assessed 
for TPEF imaging using two different transgenic mouse models expressing GFP. First, 
we quantified signal intensity and contrast changes at the endosteum, where the 
cortical bone and the BM intersect, using Col2.3-GFP mice. Most osteolineage cells , 
an established component of the HSPC niche, are found on the endosteum. The 
Col2.3-GFP knock in mice in which osteolineage cells express GFP can therefore 
126 
serve as a model to test whether local laser osteotomy can improve the imaging 
of the HSPC endosteal microenvironment. Second, changes in signal intensity and 
spatial frequency content throughout the BM as a function of depth were evaluated 
using actin-GFP mice. Actin-GFP mice have a large number of GFP-expressing cells 
uniformly distributed in the BM. 
Bone thinning was successfully performed in Col2.3-GFP mice in vivo and typical 
images before and after ablation are shown in Fig. 5·2(a,b). From those images, it 
is clear that the TPEF signal is increased at the endosteum. The increase in signal 
is formally quantified at multiple locations, all in the 60-70 11m depth range prior to 
ablation. For each field-of-view, an axial-stack is recorded after removing 0, 20 and 
40 11m of cortical bone and maximum intensity projection images are produced with 
Fiji [Schindelin et al., 2012]. The image after removal of 40 11m of cortical bone is 
used to generate a binary mask, again in Fiji, using the maximum entropy method. 
The intensity increase is then evaluated within the mask using a Matlab script. The 
results of the relative TPEF intensity increase are shown in Fig. 5·2(c). Removing 
only 20 Jlm of bone is sufficient to observe an increase (1.8x) in TPEF signal intensity, 
while the intensity is almost four-fold higher (3.9x) at the endosteum by removing 40 
Jlm. 
To compare spatial resolution, we first adjusted the dynamic range of images 
before bone thinning (Fig. 5·3(a)) . Zooming in on a single osteolineage cell reveals 
that the cytoplasm and nucleus are more easily discernible , which is indicative of 
a good image quality for thick tissue TPEF microscopy. The latter observation is 
important as evaluating the number of osteolineage cells or osteolineage cell layers 
requires visualizing nuclei, which would otherwise require the injection of a nuclear 
dye. To validate the identification of nuclei using the GFP signal in the Col2.3-GFP 
mouse model, we co-labelled Col2.3-GFP osteolineage cells with a nuclear stain (by 
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Figure 5·2: TPEF signal increase at the endosteum. Maximum-
intensity projection images of GFP-expressing osteolineage cells resid-
ing at the endosteum (a) before and (b) the removal of 40 f.-tiD of bone. 
More cells are visible after local osteotomy, illustrating the increase in 
TPEF signal. Image width: 360 f.-tiD. (c) Quantification of TPEF sig-
nal improvement as a function of bone removed (n= 3, *one-sided paired 
t-test with Bonferroni correction on absolute intensity - standard devi-
ation). 
in vivo injection of Hoechst 33342 - 200 ~-tL at 10 mg/ mL retro-orbitally) [Pursel 
et al. , 1985 , Savic et al., 2003]. The co-registration of the Hoechst and brighter GFP 
signals confirms the identification of the brighter G FP area within osteolineage cells 
as being nuclei (data not shown) . To quantify the improvement in lateral contrast 
on individual cells, the contrast between the nucleus and cytoplasm is evaluated in 
osteolineage cells using Eq. (5 .1) [Hecht, 2002]. To measure the contrast, a 10-pixel 
long line profile is drawn in FIJI and averaged over a width of 5 pixels. Using this 
method, the contrast is evaluated to increase by a factor of two after removing 20 f.-tiD 
and of three after 40 f.-tiD (Fig. 5·3(c)). 
I max - I min 
Contrast = I I . . 
max + mm 
(5. 1) 
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The spatial resolution in the axial dimension is also expected to improve. As 
osteolineage cells lining the endosteum are fiat and thin, their axial profile through 
a lOxlO pixels2 area in the cytoplasm is measured. The thickness of the osteolineage 
cells was measured to be 4.7±1.3 p,m on average, whereas they were 1.5x thicker 
before bone thinning (Fig. 5·3(d)). In comparison, the known value obtained using 
standard histomorphometry methods is of 3.5 p,m [Zhang et al., 2002]. 
To investigate if TPEF imaging improvements are preserved away from the endos-
teum deeper into the BM, local laser osteotomy was performed in actin-GFP mice. 
A three-dimensional reconstruction and a single plane image 20 p,m away from the 
endosteum are shown in Fig. 5·4(a,c) before and Fig. 5·4(b,d) after bone thinning. 
More excitation power could have been used to obtain stronger TPEF signal before 
ablation, but the GFP signal would have been largely saturated following ablation, 
making quantification difficult. 
To quantify the improvement as a function of depth, the average TPEF signal is 
measured in different regions (n=5) using Fiji (Fig. 5·5(a)). The ratio between the 
two curves before and after ablation, or the intensity gain factor , indicates that the 
TPEF intensity increase is stronger at the endosteum. The intensity gain factor after 
ablation decreases with depth, but remains as large as a factor of 3 to a depth of 50 
p,m. By fitting an exponential to the TPEF signal decay as a function of depth, the 
total attenuation coefficient of the BM was found to be 35 mm-1 prior to osteotomy. 
(a) 
E 
::1. 
0 
(c) 
0.3 
0.225 
~ 
:!:::. 0.1 5 
.... 
VI 
~ 
E 
0 O.Q75 
0 
0 
-0.075 
* * 
! 
129 
(b) 
E 
::1. 
0 
-.:t 
(d) 
8 
E'7 
~ 
::: 6 
Cll 
s::: 
... 
u 5 ;s 
Cii 
0 4 
3 
0 10 20 30 40 50 
Thickness of bone removed [Jim] 
I * * I I 
0 10 20 30 40 50 
Thickness of bone removed [Jim] 
Figure 5· 3 : Lateral contrast and axial resolution improvement at the 
endosteum. The images show a single osteolineage cell (a) before and 
(b) after laser osteotomy. The dynamic range was adjusted in order 
to show that more spatial details become visible. Image width: 36 
J-Lm. (c) The lateral contrast between cell nuclei and their cytoplasm 
was significantly larger after removing 20 and 40 J-Lm of bone (n=16). 
The contrast is evaluated between two bright fluorescent structures 
such that the measurement is independent of intensity increase effects. 
(d) For the axial dimension, the thickness of osteolineage cells at the 
endosteum was measured (n= 15). A paired Wilcoxon signed rank tests 
with Bonferroni correction was performed in (c) and (d) - standard 
deviation. 
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Figure 5·4: Imaging improvement with depth in the BM. The top row 
images are three-dimensional reconstructions of sagittal cross-sections 
(a) before and (b) after local laser osteotomy. Cortical bone (blue) 
sits on top of a BM compartment containing GFP+ cells (green) . The 
second row images show a single axial plane in t he BM (c) before and 
(d) after local laser osteotomy. Image width: 360 J-Lm. 
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Figure 5·5: Quantification of imaging improvement with depth in the 
BM. (a) The relative TPEF intensity from actin-GFP cells is plotted as 
a function of depth before and after local laser osteotomy. Flat regions 
at the endosteum were selected (n=5) and the cumulative GFP signal 
in each axial plane was normalized to the maximum cumulative inten-
sity at the endosteum. (b) The lateral spatial frequency bandwidth is 
plotted as a function of depth before and after local laser osteotomy. 
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The spatial frequency content in the Fourier space was analyzed to characterize 
changes in the lateral profile of the TPEF point spread function as a function of 
depth. To this end, fast Fourier transform (FFT) of actin-GFP images were evalu-
ated at every depth and the DC component was removed. The FFT was then fit at 
every depth to a gaussian profile. The power spectral density, which is proportional 
to the square of the FFT, contains the information of interest about the image spatial 
frequency content. The 1/ e2 width of the power spectral density was defined as the 
lateral spatial frequency bandwidth. The lateral frequency bandwidth as a function 
of depth is plotted in Fig. 5·5(b). The vertical difference between the two curves 
represents the relative increase in spatial frequency content, related to an improve-
ment in lateral profile of the TPEF point spread function. The bandwidth gain factor 
as a function of depth is not shown as it was relatively uniform (1.9 ± 0.3) in the 
depth range from 0 to 60 J-tm. It is important to note that the bandwidth is not a 
direct measure of the spatial resolution. This is because the power spectral density 
characterizes both the TPEF point spread function and the size of imaged objects. In 
BM images of actin-GFP mice, many cells are visible, but only a limited number of 
smaller objects are present. The bandwidth is therefore expected to be on the order 
of the size of a cell. 
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5. 5 Discussion 
We have obtained significant improvements in TPEF imaging of the BM following 
local laser osteotomy by removing superficial layers (20-40 J.lm) of bone. We have 
documented the improvement both at the endosteum (immediately below the cortical 
bone) and deeper into the BM using two different mouse models whose G FP + cells 
are either lining the endosteal surface (Col2.3-GFP) or dispersed throughout the BM 
cavity (actin-G FP). Using the latter, the increase in imaging depth after osteotomy 
is found to be comparable to the thickness of bone removed, suggesting that the 
bone is not the sole scattering layer. Indeed, the attenuation coefficient of the BM 
is found to be very high (35 mm-1 ) and is close to that of the bone. Such a high 
attenuation coefficient can be expected for the BM as it has a high cellularity and is 
highly vascularized [Spencer et al., 2014]. 
Bone thinning affects the incident illumination in two ways. First, cortical bone 
removal decreases scattering as the bone is a highly scattering material (the scatter-
ing coefficient of bone is rv30 mm-1 [Firbank et al., 1993]). Second, the calvarial 
bone is curved. Flattening the bone surface minimizes aberrations due to the outer 
skull curvature. Both the decrease in scattering and reduction in aberrations should 
translate into the improvement of the TPEF point spread function (PSF). The mea-
sured changes in contrast, axial profile and lateral spatial frequency content are all 
consistent with improvement in the PSF. Previous studies on the effects of tissue 
optical properties on TPEF imaging have shown, both by simulation and experi-
mentally, that the lateral resolution was largely unaffected by the turbidity of the 
sample [Dunn et al., 2000, Starosta and Dunn, 2009]. It is therefore more likely that 
the improvement in the PSF observed in our studies is mainly due to flattening of 
the skull surface and minimizing optical aberrations. Nevertheless, the total amount 
of bone removed is important in providing increased optical access to the BM. In 
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future studies, it may be preferable to measure, prior to ablation, the thickness of the 
bone over the region of interest (using SHG). Ablation can then be performed until a 
constant thickness ( rv 10 J.Lm) of bone remains, rather than ablating a constant depth 
as is performed in this study. 
The speed of ablation is an important consideration for in vivo studies. The 
length of time a mouse can be kept on stage is typically about 2 hours, so the time 
it takes to thin the bone should be a fraction of an hour in order to leave time for 
imaging experiments. Imaging speed can be increased by using higher pulse energies 
[Cangueiro et al. , 2012, Liu and Niemz, 2007, Cangueiro and Vilar, 2013, Girard et al., 
2007, Cloutier et al., 2010, Nicolodelli et al. , 2012] but at the expense of increasing 
the risk of collateral damage and compromising spatial control. A solution for the 
future is to implement an ablation scheme where the pulse energy is adjusted as a 
function of depth. A larger pulse energy, and thus a larger axial step size, can be 
used at the surface, while a minimal pulse energy should be used in the vicinity of the 
BM to minimize possible damage [Lim et al. , 2009, An et al., 2013, Quinto-Su and 
Venugopalan, 2007]. Local laser osteotomies performed in this work caused no visible 
changes in the structure of the BM. The technique is therefore useful for structural 
imaging, where imaged objects are stationary on the time scale of the experiment. 
For the study of dynamic processes such as cell migration, it will be important to 
carefully assess wJ:ether bone thinning leads to specific functional alterations of the 
BM. The assessment should directly relate to the biological process of interest as the 
sensitivity to external stressors for different processes is not known a priori. 
The purpose of this work is to improve cellular imaging in the bone marrow for 
studying hematopoietic stem cell biology and cancer biology in mouse models. These 
studies require cell labeling with fluorescent proteins or probes and are therefore 
more suitable as research tools rather than for direct human translation. Label-free 
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techniques have yet to be shown to be useful for bone marrow imaging. On the other 
hand, femtosecond laser osteotomy or laser scar removal may find clinical use in a 
different context, as discussed by Lo et al. and Yildirim et al. [Lo et al., 2012, Yildirim 
et al., 2013]. 
5.6 Conclusion 
We investigated the use of sub-microjoule femtosecond laser pulses to perform plasma-
mediated ablation of hard cortical bone in live mice. Local laser osteotomy of the 
calvaria is performed by raster scanning 0.3 J-tJ pulses on cortical bone. Osteotomy 
provides a window of improved optical access to the BM, both in term of the signal 
intensity and the PSF spatial profile. Laser ablation has no visible effect on the bone 
marrow organization. Structural imaging can thus be performed following local laser 
osteotomy. Being able to perform osteotomy in live mice is the first step toward 
establishing the method for imaging dynamic processes. Future studies will further 
investigate this aspect by evaluating possible functional response to laser bone re-
moval. Functional validation will be important as it will extend the application of 
laser bone thinning not only to functional imaging, but also to other optical tech-
niques such as oxygen sensing [Spencer et al., 2014] and photo-conversion [Carlson 
et al., 2013]. 
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Chapter 6 
Prospect of Intravital Cell Extraction 
6.1 Introduction 
Stem cells are regulated by intrinsic and extrinsic molecular factors. A growing 
amount of evidence suggests that the micro-anatomic location of stem cells, or the 
stem cell niche, directly translates into specific extrinsic molecular factors following a 
proximity-based principle [Frenette et al., 2013, Morrison and Scadden, 2014]. Cells 
would be more likely to have direct or indirect interactions with neighboring cells than 
distal ones. The initial identification of many cellular components of the hematopoi-
etic stem and progenitor cell (HSPC) niche in the bone marrow (BM) was based 
on their proximity to HSPC. Their functional role was sub-sequentially validated in 
vivo [Ding et al., 2012, Kunisaki et al., 2013]. 
At the molecular level, the identification of niche-derived HSPC regulators is now 
conducted using intravital molecular imaging, advanced immuno-histochemistry of 
tissue sections, or cell-type specific gene deletion [Lo Celso et al., 2009a, Nombela-
Arrieta et al., 2013, Ding and Morrison, 2013]. In all cases, the approach relies 
on the selection of a candidate-molecule, limiting the identification of novel factors. 
Recently, individual niche cells were harvested from fresh tissue sections and their 
transcriptome was compared to non-niche cells, cells located 'far' from HSPC. A series 
of previously unknown niche-derived regulators with significant functional relevance 
were identified [Silberstein et al., 2014]. 
Finding rare cells in sections is challenging. Hence, harvesting only a few cells 
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requires processing a large number of animals. Additionally, the time between the 
animal sacrifice and the cell harvest is non-negligible. This makes the approach 
sub-optimal because the mRNA content can degrade quickly. There also exists a 
restriction in cells that can be accurately located, then extracted. The BM has a 
viscous consistency. As a consequence, the tissue architecture in the central marrow of 
unfixed sections doesn't hold in place. Despite this fact, cells located at the endosteum 
don't move and can accurately by located. In sum, a method for cell harvesting 
directly into the BM of live or recently sacrificed mice is needed. Cell extraction 
in intact tissue will also better preserve the 3D architecture and enable the reliable 
extraction of a variability of cell types in different BM locations. The ability to 
extract live cells directly from an animal also enable a series of other experiments 
not related to molecular profilings. For example, single HSC could be extracted from 
distinct niches and transplanted into recipients. One would then be able to assess 
reconstitution potential and dynamics in a niche-dependent manner. 
In this chapter we study how laser microdissection (LMD) can be applied to cell 
extraction in thick tissue. LMD consists in cutting a small tissue volume, even down 
to a single cell, by performing laser ablation around the region of interest [Vogel et al., 
2007]. When the process is completed the micro-volume detaches from the sample and 
can be harvested. The technique is now implemented with femtosecond laser sources 
as the plasma-mediated ablation process and the ultra-short pulse duration minimize 
thermal and mechanical negative side effects [Vogel et al. , 2005]. The high spatial 
precision and the limited generation of collateral damage constitute a strong rationale 
for the use offemtosecond LMD. LMD has been used extensively to cut small portions 
of stained histology tissue sections for genomic and proteomic analysis [Wang, 2007]. 
The isolation of individual cells from live cultures for re-culturing is also an important 
application of LMD [Vogel et al., 2007]. 
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6.2 Approach to optical cell extraction 
Three different methods for cell extraction based on LMD are discussed. The general 
approach for all methods is similar and can be described in four steps. In fact , the 
first two steps are identical for all of them. First, a BM cavity of interest has to 
be identified based on its content in fluorescent cells using a video-rate scanning 
microscope (Section 3.4.2). Second, the cortical bone overlying the region of interest 
is thinned using femtosecond laser ablation. The bone thinning process, or local laser 
osteotomy, was discussed as a stand alone method in the previous chapter (Chapter 
5). It was presented separately because it can be applied to a variety of applications 
other than cell extraction. The separate presentation also allowed to do an thorough 
characterization of the ablation process and of the repercussions local laser osteotomy 
on multiphoton microscopy. 
The third step consists in accessing the BM content using LMD. The term LMD is 
used here in a broad sense as the tissue of interest is not necessary cut out by ablation 
along its periphery. Harvesting cells using mechanical and fluidic tools is the forth 
step. LMD is often combined with laser pressure catapulting [Dafna et al., 2007]. 
The implementation of laser pressure catapulting in thick tissue is nevertheless non-
trivial as cells have to be collected in the epi-direction. Laser pressure catapulting 
uses a beam that propagates through thin or non-turbid samples and propels cells 
in the forward direction. The usage of mechanical tools such as pipette and filters 
also allows to easily transport harvested cells to different platforms for visualization 
or analysis. Critically, microdissection and cell harvesting are both performed under 
video-rate imaging guidance. 
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6.3 Material and methods 
6.3.1 Animal models 
All animal experiments were performed in compliance with institutional guidelines 
and approved by the Subcommittee on Research Animal Care (SRAC) at Mas-
sachusetts General Hospital. To perform intravital cell extraction in the BM, mice 
were anesthetized with isofiurane gas, and placed in an heated holder. A bite bar and 
a set of 4 head screws held the head steady to minimize motion artifacts [Fried et al., 
2001]. The skull was exposed by making an incision in the scalp (Fig. 4·2). 
Four mice models were used for cell extraction: C57BL/6, actin-GFP, col2.3-
GFP, and MDS1-GFP. C57BL/6 mice and actin-GFP knock-in were purchased from 
the Jackson Laboratory (Bar Harbor, ME). Col2.3-GFP knock-in mice were kindly 
provided by Prof. David Scadden. MDS1-GFP knock-in mice were kindly provided 
by Prof. Fernando Camargo. C57BL/6 mice do not express fluorescent proteins and 
were used to optimize various embodiments of laser ablation. Actin-GFP mice have a 
large number of GFP-expressing cells. This model was used in the early development 
of cell extraction as a mean to assess if any cell were extracted. The two other models 
have more specific purposes. We aim to extract rare cells, but in some applications it 
is preferable to obtain single-cells, while in others the niche should be dissected as a 
cell cluster. For example, a single stem cell should be extracted to perform secondary 
transplantation. If the niche molecular profile is desired, analyzing multiple cells 
simultaneously will increase the throughput. Col2.3-GFP mice have GFP-expressing 
osteolineage cells, which are niche cells, located at the endosteum. The col2.3-GFP 
model was preferred to develope the extraction of cell cluster. MDS1-GFP mice have 
GFP-expressing HSPC in the BM. Only a limited number of MDS1-GFP expressing 
cells, two to three if any, are found per BM cavity, making the MDS 1-G FP model 
ideal for single-cell extraction. 
140 
6.3.2 Non-targeted cell extraction 
The first approach aims to extract multiple cells from a specific BM compartment 
(Fig. 6·1). A unique or many different cell populations can be identified based 
on their fluorescence. After bone thinning, a 40!-lm-wide square opening is created 
by laser ablation (Fig. 6·1 (c)). Ablation is performed by raster scanning 225 nJ 
femtosecond pulses such that the pulse-to-pulse separation is of 0.5 fLm. A reduced 
pulse energy compared to bone thinning was used to minimize damage to the BM. 
The raster scanning of the ablation beam is performed by a pair of galvanometer 
mirrors (GVSM002, Thorlabs) controlled by an hardware control card (NI USB-6211 , 
National Instrument). 
Once the BM is exposed, cells exit it by themselves and are collected using a 
straight glass micropipette (28-32 fLm diameter , MBB-FP-SM-0, straight blastomere 
pipette, Origio) place next to the opening (Fig. 6·1(d)). Although collected cells 
originate from a single BM compartment, this approach is referred to as non-targeted 
cell extraction. This is because multiple cells are collected without knowledge of their 
relative location in the BM. 
(a) (b) (c) (d) 
Figure 6 ·1: Approach to general cell extraction. (a) Multiphoton and 
confocal imaging is used to identify a location for cell extraction. (b) 
The ablation laser beam is used to thin the cortical bone overlaying the 
BM compartment of interest and (c) to create a large opening to the 
BM. (d) A glass micropipette is brought in the vicinity of the opening 
and catches cells as they exit the BM. 
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6.3.3 Endosteal cell extraction 
The second approach aims to extract cells located at the intersection between the 
BM and cortical bone, more specifically cell clusters attached to the endosteal surface 
(Fig. 6·2). The endosteal surface is one of the first micro-anatomical location that was 
identified as part of the HSPC niche [Calvi et al., 2003, Lo Celso et al., 2009a]. The 
goal of the LMD is here to cut a bone button with cells attached to it. The button is 
cut by scanning the ablation beam in a series of concentric circles at different depth 
with the galvanometer mirrors (Fig. 6·2(c)). The angular speed is adjusted such that 
the pulse-to-pulse separation remains of 0.5 ~-tm for all radii. 
Once the BM is reached, the bone button detaches from the skull. The circulation 
of the immersion fluid brings the button into the suction needle (Gauge 26, 1.3 em 
length, Fisher Scientific). A filter (10~-tm, TCTP01300, Isopore™, Millipore) in a 
metal holder (13 MMSST, XX3001200, Swinney syringe, Millipore) placed beforehand 
after the suction needle collects the bone button (Fig. 6·2(d)). 
(a) (b) (c) 
···········-························· · . :·· ·: . ~~~
Figure 6·2: Approach to endosteal cell extraction. (a) Multiphoton 
and confocal imaging is used to identify a location for cell extraction. 
(b) The ablation laser beam is used to thin the cortical bone overlay-
ing the BM compartment of interest. (c) A bone button is then cut 
by scanning the ablation beam in circles. (d) A needle affixed onto 
the objective lens catches the bone button as the immersion fluid is 
continuously circulated during the extraction process. 
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6.3.4 Direct single-cell extraction 
The third approach aims to extract a single cell directly from the BM (Fig. 6·3). This 
is expected to be the optimal approach for the extraction of single cells. Following the 
bone thinning process over the region of interest, further bone removal over a large 
area is performed in adjacent regions. The same ablation parameters as for bone 
thinning are used. The additional ablation doesn't stopped until the BM is exposed, 
i.e. no cortical bone is left (Fig. 6·3(c)). 
More bone is being removed such that a glass micropipette can be inserted directly 
into the BM. Once the micropipette is at the level of the BM, it is translated laterally 
to reach the region of interest still covered by cortical bone. Its tip is aimed at a 
single cell that is then aspirated into the micropipette 6· 3 (d)). 
(a) (b) (c) (d) 
Figure 6·3: Approach to direct single-cell extraction. (a) Multiphoton 
and confocal imaging is used to identify a location for cell extraction. 
The cell to be extracted has to be clearly identifiable. (b) The ablation 
laser beam is used to thin the cortical bone overlaying the BM com-
partment of interest. (c) In an adjacent region overlapping the area 
of interest, material removal continues well into the BM in order to 
created an opening sufficiently to maneuver freely a glass micropipette. 
(d) The glass micropipette is then inserted into the BM from the open-
ing and penetrates under the cortical bone to reach and aspire a single 
cell. 
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6.4 Results and discussion 
6.4.1 Non-targeted cell extraction 
Non-targeted cell extraction can successfully be performed in live mice. The size of 
the opening had to be optimized. If the opening is too large, cells exit too quickly and 
major blood vessels are disrupted causing massive local bleeding. On the other hand, 
no cells exit if the opening is too small. The optimal opening size was empirically 
found to be 40 p,m (Fig. 6·4(a)). 
During ablation, the immersion solution is usually continuously circulated. For 
this specific application, the circulation has to be stopped during the creation of the 
opening. If a large flow is still present , cells quickly float away and cannot be caught 
by the glass micropipette. Cells exit the BM for a brief period of time before the 
opening naturally closes. It is therefore critical to pre-position the glass micropipette. 
As the micropipette causes deleterious effects on ablation, it should nevertheless be 
positioned in a different axial plane. Quickly operating the micropipette allowed to 
collect fluorescent cells from live actin-GFP mice (Fig. 6·4(b)). 
Figure 6·4: Cell extraction in a live actin-GFP mouse. (a) Cells are 
caught by a glass micropipette as they exit the BM by themselves. 
(b) Extracted GFP-expressing cells imaged on a widefield microscope. 
White: GFP. 
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The non-targeted cell extraction is presented as it can successfully be accomplished 
in vivo. Local cell extraction in a live animal is in itself interesting. Unfortunately, it 
doesn,t meet other important requirements for the implementation into our desired 
application. The extraction is non-specific and the information about the spatial 
relation between cells is lost. Also, only a fraction of the exiting cells are captured 
by the micropipette , making this approach biased. More importantly this approach 
failed to work in col2.3-GPF and MDS1-GFP mice. The col2.3-GFP expressing cells 
never exited the BM. MDS1-GFP expressing cells didn,t always remained in the BM, 
but were never caught by the glass micropipette or seen exiting the BM. 
6.4.2 Endosteal cell extraction 
The goal of cutting a bone button is to collect cells that remained attached on the 
endosteal surface (Fig. 6·5(a)). For the microdissection of the button, the ablation 
beam was scanned in a series of concentric circles throughout the remaining 10-15 
J-Lm of cortical bone following bone thinning. For the ablation to succeed at depth, 
the width of the annular region has to be 30 J-Lm (Fig. 6·5(b)). The diameter of the 
button can be adjusted as desired, and tests were conducted for diameters ranging 
from 100 to 250 J-Lm. 
The tips of the suction needle collection the button is located approximatively 3 
mm from microdissection site (NA 1.0, working distance 2 mm, Fig.6·6(a)). Consid-
ering the small size of buttons relative to this distance, only a fraction of the buttons 
are expected to be successfully collected. An evaluation of the success rate was con-
ducted in vivo. It revealed that this approach was not practical as a bone button was 
captured only once in a C57BL/6 mice and this result could not be repeated (Fig. 
6·6(b)). The mechanical harvesting approach could be modified in order to improve 
the frequency of button capture. Ideally, a microfiuidic device would be placed at the 
microdissection site and immediately capture buttons. The ability to harvest buttons 
(a) 
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(b) 
Figure 6·5: Bone button cutting. (a) To cut a bone button and 
extract cells attached on the endosteal surface (b) the laser ablation 
beam is scanned in concentric circles at different depth. The bone 
button detaches from the animal when no more bone is connecting it 
to the skull. White: SHG. Field of view: 360 p,m. 
is therefore not foreseen as a limiting consideration. 
A more significant problem was encountered. Buttons were often unable to detach 
following the first circular cutting attempt. The ablation process was always successful 
at the bone surface, but failed when reaching the BM. The endosteum surface doesn't 
have an uniform curvature. Therefore, at depth, part of the ablation circular path 
scans cortical bone, while another segment is in the BM. When only a small portion of 
bone remains to be cut, the button can move laterally and axially (Fig. 6·7(a)) while 
still being attached to the skull. This causes the LMD to fail. This displacement 
and the need to repeat the cutting process two or three time lead to a complete 
disruption of the BM cells located under the button (Fig. 6·7(b)) and in adjacent 
regions (Fig. 6·7(c)). It is possible to microdissect the button more frequently on 
the first attempt, but it requires using larger energy pulses. The larger energy pulses 
disrupt the cells of interest even after a single pass of the ablation beam. In conclusion, 
major modifications of the ablation scheme would be required to make this approach 
sufficiently robust for cell extraction and molecular profiling. 
(a) 
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(b) 
....... 
Figure 6·6: Bone button extraction. (a) During the extraction pro-
cess, the immersion solution is circulated by a pair of metal needles. 
The suction needle contains a porous membrane to collect the button. 
(b) Bright-field image of an harvested button. The diameter of the 
button is approximatively of 100 J.lm. Scale bar: 50 J.lm. 
(a) 
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(b) (c) 
Figure 6·7: Limitation of button cutting. The button rarely detaches 
after the first cutting attempt because the endosteal surface is not fiat. 
To illustrated the difficulties related to incomplete ablation, three im-
ages of the same button after two cutting attempt are shown. Blue: 
SHG, Red: confocal reflectance. (a) When the button is not fully 
detached, it is displaced. In the case shown, the top surface of the but-
ton moved above the surface of the bone. BM material (red) exiting 
through the narrow opening around the button makes the repetition of 
the ablation process even more challenging. (b-e) The button displace-
ment and the need to repeat the cutting process a second time make it 
impractical to fully cut the button without disruption of the cells at the 
endosteum or in the adjacent BM. (b) The uniform reflectance signal 
on the lower surface of button means that cells at the endosteum were 
disrupted. (c) The reflectance signal within the BM is also indicative 
of major BM disruption if compared to Fig. 3·12. Field of view: 360 
f-tm. 
148 
6.4.3 Direct single-cell extraction 
Direct cell extraction implies that cells are harvested directly from the BM without 
first being detached. This requires maneuvering the micropipette within the BM. 
Real-time imaging guidance is thus necessary. Another significant advantage of real-
t ime microscopy is its ability to scan large tissue volume and identify rare cells. For 
example, it is possible to find individual GFP-expressing cells in the MDSl-GFP mice 
and perform 3D multiphoton imaging (Fig. 6·8(a,c)). The bone thinning process work 
sufficiently well that it doesn't disrupt or photobleach these rare cells, even if they 
are located near the endosteum (Fig. 6·8(b)). 
Figure 6·8: Local bone thinning for direct single-cell extraction. A 
3D reconstruction of multiphoton images showing a BM cavity with 
many autofl.uorescent cells (yellow) and a single GFP+ cell (green) (a) 
before and (b) after bone thinning in a live MDSl-GFP mouse. (c) 
A single plane image is also presented Blue: SHG, Green: GFP, Red: 
autofluorescence. Field of view: 360 ~-tm. 
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The previous approach was a perfect example of LMD, but here an approach that 
doesn't separate the cell to extract from the whole tissue was explored. The objective 
is to better preserve the 3D BM architecture and eliminate the necessity of catching 
objects as the float away. Any kind of cutting in unfixed BM samples is expected to 
generate a certain loss of the BM spatial structure as the BM is a viscous tissue. 
In order to make the BM accessible, large ablation of full field-of-view must be 
performed, thus increasing significantly the time needed for extraction. This doesn't 
limit the approach as the ablation process is entirely automatized and can be per-
formed in vivo. Laser ablation in adjacent region can also be performed faster by 
increasing the pulse energy as the cells to extract are far on the scale of the collateral 
damage. One can also reduce the pulse energy when approaching the cells or remove 
bone more progressively (Fig. 6·9(a)). At the end of the BM exposure process, the 
rare GFP+ remained visible and didn't migrated away from the microsurgery site 
(Fig. 6·9(b)). 
When creating such a large opening of the BM, significant bleeding occurs due 
to the disruption of many blood vessels. The dense vasculature of the BM makes it 
impractical to expose an entire cavity without disrupting arteries. To avoid such a 
problem the mouse should be euthanized just before the opening of the BM, but not 
earlier. Delaying the time of euthanasia minimizes possible alterations in the mRNA 
content and decrease in cell viability. 
Finally, the micropipette can successfully penetrated into the BM (Fig. 6·10( a-
c)) and reach region located under cortical bone (Fig. 6·10(d)). Interestingly, as the 
micropipette penetrates intact BM regions, deformation of the BM tissue appeared to 
be partially elastic. Although, the BM resembles a viscous liquid when fully exposed, 
it clearly possesses some degree of solidity. So far , this has limited our ability to 
extract cells as they cannot be simply aspired into the micropipette. 
150 
It should also be noted that the extraction of GFP-expressing cells in col2.3-GFP 
mice did not show promises. The micropipette enters the BM with an axial angle. It is 
therefore not geometrically possible to reach cells in close proximity to the endosteal 
surface with a straight micropipette. A micropipette with an angled tip could be 
used, but the space between bone structures is insufficient for the free rotation of a 
glass micropipette within the BM. 
(a) (b) 
Figure 6·9: Bone marrow opening for single-cell extraction. (a) Sur-
face of the skull after bone thinning and after creating a large opening 
in an adjacent region on the left. (b) Imaging of the BM at the same lo-
cation revealed that rare GFP+ cells (green) and autofiuorescent cells 
(yellow) are unaffected by the ablation process. Blue: SHG, Green: 
G FP, Red: autofluorescence. Field of view: 360 fJ,m. 
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(a) (b) 
(c) (d) 
Figure 6·10: Penetration of a glass micropipette into the bone marrow 
for single-cell extraction. (a) A glass micropipette is brought over the 
region where BM was ablated. (b) The micropipette is then descended 
into the exposed BM and ( c-d) moved laterally to the region where the 
cell of interest reside. This region is still covered by cortical bone. Blue: 
SHG, Green: GFP, Red: confocal reflectance. Field of view: 360 f.-Lm. 
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6.5 Epilogue 
Three approaches were investigated for intravital cell extraction of bone marrow cells: 
non-targeted, endosteal and direct cell extraction. Non-targeted cell extraction was 
successfully implemented in vivo, but the absence of selectivity in the harvesting pro-
cess is problematic when rare HSPC or niche cells need to be collected for the analysis 
of their transcriptome. It was also observed that certain cells, such as osteolineage 
cells, do not exit the BM regardless of the opening size. Finally, there exists a possi-
bility that some of the harvested cells originate from the circulation and exited from 
disrupted blood vessels. 
No cells were extracted using endosteal cell extraction. Cutting a bone button is 
the approach the most closely related to LMD. LMD was developed to obtain small 
volumes from fixed sections or cells attached to a surface. From the experiments that 
were conducted, we conclude that LMD is better applied to rigid tissue that do not 
deform easily during or following the dissection process. Femtosecond laser ablation 
but not LMD per se is the optimal tool for extracting BM cells. 
Although it was not fully realized in vivo, direct single-cell extraction is the most 
promising approach. Specific cells could be harvested from a known location. Addi-
tionally, femtosecond laser ablation doesn't need to be performed in close proximity 
of the cells of interest, unlike LMD. The remaining challenges are the improvement 
of the micropipette mobility within the BM and the dissociation of cells for their 
harvest. 
As in situ mRNA analysis methods are being developed [Lee et al., 2014, Lovatt 
et al., 2014], it will be important for intravital cell extraction to find its unique set 
of applications. For this reason, potential applications should emphasize on the need 
to extract live cells. A second significant advantage is the ability to link cell dynamic 
observed in live mice to quantitative molecular profiles. 
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Chapter 7 
Conclusion and Outlook 
In this work, existing optical micromanipulation techniques were integrated together 
with optical microscopy. The goal was to assemble them such that new methods would 
emerge. The new methods cannot be successfully implemented without all individual 
components , and complementarily, any optical techniques employed alone cannot 
achieve the new method functions. Explicitly, scanning optical microscopy, plasma-
mediated femtosecond laser ablation and optical tweezers served as the building units 
of an optical macromanipulation platform. Two different macromanipulations were 
presented, local single-cell transplantation and cell extraction. 
Enabling new methods is one essential component of this work. A second fun-
damental concept is that macromanipulations are uniquely achievable by the optical 
approach. This is mainly due to one intrinsic property of optical tools: in the diffrac-
tion limit regime, light operates at the micrometer level, equivalent to the subcellular 
level. Optical techniques are therefore not only ideal, but uniquely qualified for mi-
cromanipulations and imaging at the single cell level. Single cells can be visualized 
by scanning optical microscopy, single cells can be moved by optical tweezers and tis-
sue volumes smaller than a cell can be removed with plasma-mediated laser ablation. 
No other existing techniques can provide the required level of spatial precision and 
exactitude, while being compatible with live animal experiments. 
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Being uniquely qualified to successfully implement a new methods is not sufficient 
to justify the development of the optical platform. The platform must also allow to 
perform new experiments. Here, it is important to distinguish methods ( transplanta-
tion and extraction of single cells) from experiments (tracking of single transplanted 
cells or sequencing of extracted cells). This aspect merits to be discussed in more 
details for the single cell transplantation as it is the method that demonstrates the 
best how new experiments are enabled. 
Single cells locally transplanted in the BM can be tracked by optical imaging and 
flow cytometry. Cell tracking in location and number can be performed from days 
to months following transplantation. In opposition to multiple cells LV. injection 
methods, single-cell transplantation allows to visualize early events in stem cell dif-
ferentiation and to determine the existence of complex spatial distribution patterns 
following the first cell divisions. Correlation between short-term observation and 
long-term behavior should also be possible. Although not presented, the initial and 
local proliferation of cancer cells is expected to be predicative of individual disease 
courses, or survival time. 
Most presented transplantation results relate to the characterization of the op-
tical cell delivery process itself and the demonstration of our ability to follow-up 
transplants. Many more experiments could be realized to demonstrate the utility of 
local cell transplantation in answering biologically relevant questions. An important 
conclusion of this work is that these experiments can now be performed. Future work 
will focus on demonstrating not the performance of the platform, but how it can 
uniquely inform on critical biological processes. 
155 
The fact that the optical platform was based on existing optical techniques was 
largely emphasized. From a global perspective this is certainly true. A novel imaging 
technique was not developed, the most simple embodiment of optical tweezers was 
used and femtosec<::md laser ablation has been performed for more than ten years. 
Non-negligible technical improvements were nevertheless made. For example, NIR 
confocal reflectance was serendipitously found as a mean to visualize the BM vascu-
lature. Although it was initially installed for a more convenient visualization of glass 
micropipettes, it became an essential component of the delivery platform. 
The most significant technical improvement was in the use of femtosecond pulses 
for plasma-mediated ablation of bone, a hard tissue. At the time this work began, 
removal of hard tissue with scanned femtosecond pulses of moderate or low energy 
had not yet been achieved in vivo. As discussed in Chapter 5, most work in the 
literature was performed with stationary pulses of high energy, above 100 f..d. Only in 
the last years was work published with scanned laser ablation of bone with moderate 
pulse energy and performed on live mice. This remark might appear surprising as 
many great characterization studies of plasma-mediated laser ablation were published 
in the last decade. The discrepancy originates from the fact that most work was 
performed in water and applications were often related to soft tissue removal. The 
physics behind hard tissue removal is still not fully understood and in need of a formal 
characterization. 
Improvements in laser ablation were made here empirically. Ablation parameters 
were alternatively changed until the right combinaison was found. At the end of the 
process, the need to perform precise and damage-less laser microsurgeries lead us to 
a pulse energy and fiuence more than 20 folds smaller than in previous studies, with 
equivalent ablation efficient. This is bringing the technique one step closer to working 
near the ablation threshold where one truly gets all of the advantages of femtosecond 
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plasma-mediated laser ablation. 
The single cell transplantation and extraction technologies are not foreseen to find 
use in clinical applications. They were primarily developed as tools for fundamental 
biomedical research. With this perspective in mind, it is expected that the optical 
platform will advance and be applied to other organs, biological systems and animal 
models. For example, hematopoietic stem cell biology could be studied in zebrafish. 
An aim for single cell transplantation could also be to deliver cells under the kid-
ney capsule in mice. Potential applications for cell extraction are more numerous 
because of the boom of omic approaches in biology. Nevertheless, in many cases it 
will compete with higher throughput technics such as FISSEQ or TIVA [Lee et al., 
2014, Lovatt et al. , 2014]. Therefore, it will be primordial to sculpt the development 
of optical extraction technologies such that their unique advantages are at the center. 
To recapitulate the two main advantages, 1) extracted cells can be alive and 2) one 
can correlates cell dynamics observed by imaging to single-cell analysis results. 
Appendix 
II 
11 AblationController.h 
II AblationController 
II 
II Created by Raphael Turcotte on 7/11/12. 
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11 Copyright 2012 _WellmanCenterforPhotomedicine_. All rights reserved . 
II 
#import <Cocoa/Cocoa.h> 
#import <Foundation/Foundation.h> 
#import "NationallnstrumentController.h" 
@interface AblationController : NSObject { 
} 
-(void) openShutter; 
-(void) closeShutter; 
-(void) zero2DGalvo; 
-(void) position2DGalvo :(float64) galvoPositionX :(float64) galvoPositionY; 
-(void) analogSineWave :(NSString*) Dev1CTR :(float64) Amp :(float64) Freq :(float64) DUration ; 
-(void) analog2SineWave :(NSString*) Dev1CTR :(float64) Amp :(float64) Freq :(float64) DUration : 
(float64) Phase; 
-(void) startAblation :(float64) RadiusOut :(float64) Radiusln :(float64) Depth :(float) Zstep :(float) Overlap; 
-(float) CalculatorPosition2Amp :(float) indexR; 
ll-(float64) CalculatorAngularStep :(float) indexR :(float) radiaiStep; 
ll-(float64) Calculatorfrequency :(float) indexR; 
@end 
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II 
II AblationController.m 
II AblationController 
II 
II Created by Raphael Turcotte on 7/11112. 
II Copyright 2012 _WellmanCenterforPhotomedicinee_. All rights reserved. 
II 
#import "AblationController.h" 
@implementation AblationController 
-(void) openShutter 
{ 
} 
NationallnstrumentController *OpenShutter = [[NationallnstrumentController alloc] init]; 
[OpenShutter Send Digital Pulse:(NSString*) @"Dev1 /ctr1 "]; 
[OpenShutter release] ; 
-(void) closeShutter 
{ 
} 
NationallnstrumentController *CioseShutter = [[NationallnstrumentController alloc] init]; 
[CioseShutter Send Digital Pulse :(NSString*) @"Dev1 /ctrO"] ; 
[CioseShutter release]; 
-(void) zero2DGalvo 
{ 
} 
NationallnstrumentController *Zero2DGalvo = [[NationallnstrumentController alloc] init] ; 
[Zero2DGalvo SendAnalogConstant:(NSString*) @ "Dev1 /aoO" :(float64) 0.0] ; 
[Zero2DGalvo SendAnalogConstant:(NSString*) @"Dev1 /ao1 ":(float64) 0.0] ; 
[Zero2DGalvo release] ; 
-(void) position2DGalvo :(float64) galvoPositionX :(float64) galvoPositionY 
{ 
} 
NationallnstrumentController *Position2DGalvo = [[NationallnstrumentController alloc] init] ; 
[Position2DGalvo SendAnalogConstant:(NSString*) @"Dev1 /aoO" :(float64) galvoPositionX] ; 
[Position2DGalvo SendAnalogConstant:(NSString*) @"Dev1 /ao1 ":(float64) galvoPosition Y] ; 
[Position2DGalvo release]; 
-(void) analogSineWave:(NSString*) Dev1 CTR :(float64) Amp :(float64) Freq :(float64) DUration 
{ 
//Generate Sine Waves 
NationallnstrumentController *AnalogSineWave = [[NationallnstrumentController alloc] init] ; 
[AnalogSineWave GenerateAnalogSineWave:(NSString*) Dev1 CTR :(float64) Amp :(float64) Freq 
:(float64) DUration :(float64) 0.0] ; 
[AnalogSineWave release] ; 
//Zero the galvo position 
NationallnstrumentController *Zero2DGalvo = [[NationallnstrumentController alloc] init]; 
[Zero2DGalvo SendAnalogConstant:(NSString*) Dev1 CTR :(float64) 0.0] ; 
159 
[Zero2DGalvo release]; 
-(void) analog2SineWave:(NSString*) Dev1CTR :(float64) Amp :(float64) Freq :(float64) DUration : 
(float64) Phase 
{ 
//Generate Sine Waves 
NationallnstrumentController * AnalogSineWave = [[NationallnstrumentController alloc] in it] ; 
[AnalogSineWave GenerateAnalog2SineWave:(NSString*) Dev1 CTR :(float64) Amp :(float64) 
Freq :(float64) DUration :(float64) Phase]; 
[AnalogSineWave release] ; 
} 
//Zero the galvo position 
NationallnstrumentController *Zero2DGalvo = [[NationallnstrumentController alloc] init] ; 
[Zero2DGalvo SendAnalogConstant:(NSString*) @"Dev1/ao0:1 ":(float64) 0.0]; 
[Zero2DGalvo release]; 
-(void) startAblation :(float64) RadiusOut :(float64) Radiusln :(float64) Depth :(float) Zstep :(float) Overlap 
{ 
} 
-(float) CalculatorPosition2Amp :(float) indexR 
{ 
//Initialization 
/!float VoltAmpMax = 10.0; II volt 
//float AngleMax = 12.5; II degree 
//float Divider; 
float64 Amp; 
II Calculation 
//Divider= 250/tan(AngleMax*PI/180) ; 
Amp = ( 180. 0/P l)*indexR/2863. 6;//( 180. 0/PI)*atan(indexR/Divider)*VoltAmpMax/ AngleMax; 
//Safety control - Max 1 0 V, Min 0 V 
if (Amp< 0.0) 
Amp= 0.0; 
if (Amp> 10.0) 
Amp= 9.95; 
return Amp; 
II Old version - Spiral-like Ablation 
/*-(void) startAblation :(float64) RadiusOut :(float64) Radiusln :(float64) Depth :(float64) Zstep :(float) 
Overlap 
{ 
NationallnstrumentController *StartAblation = [[NationallnstrumentController alloc] init] ; 
II Open Shutter 
[self openShutter]; 
II Move 2D galvo, and Sutter stage 
//Initialization 
double Zscan = roundf(Depth/Zstep) ; 
int indexZ = 0; 
float circleRadiusMax; 
//Iterate axially and radially 
for (;indexZ<Zscan ;indeXZ ++) 
{ 
//Initialization - Radial parameters 
int indexR = 1 ; 
float64 RadiusOut = 10; 
float64 Radiusln = 1; 
float NWaves = 15; 
float radial Step = 1 ; 
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circleRadiusMax = 0.5*((float) Depth- (float) (indeXZ) * Zstep) +(float) RadiusOut; 
if (circleRadiusMax > 250) 
circleRadiusMax = 250; 
for(indexR = (Radiusln+1) ; indexR < (circleRadiusMax) ; indexR 
+=((int)radiaiStep*(int)NWaves)) 
{ 
//Initialization - Loop 
int indexAmp = 0; 
float64 Freq; 
float64 Amp[(int)NWaves]; 
II Calculate sine wave amplitude and frequency 
for (; indexAmp<NWaves;indexAmp++) 
{ 
float indexPosition = indexR + radiaiStep*indexAmp; 
Amp[indexAmp] = [self CalculatorPosition2Amp:(float) indexPosition]; 
} 
Freq = [self CalculatorFrequency:(float) indexR]; 
II Ask National Instrument to gerate N waves with different amplitudes at a single 
frequency 
II Creating multiple frequency ouputs in one analog channel is challenging in 
terms of the buffer structure. 
[StartAblation GenerateAnalogNSpiral : (float64*) Amp :(float64) Freq :(float) 
NWaves] ; 
} 
*I 
} 
//Move sutter instrument in z here! , and wait for it. 
} 
//Close Shutter 
[self closeShutter] ; 
//Zero the galva position 
[StartAblation SendAnalogConstant:(NSString*) @"Dev1/ao0:1 ":(float64) 0.0] ; 
[StartAblation release] ; 
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/*-(float64) CalculatorAngularStep :(float) indexR :(float) radiaiStep 
{ 
}*I 
I* 
//Initialization 
float plusAmp; 
float minusAmp; 
float64 AngularStep; 
II Calculations 
plusAmp =[self CalculatorPosition2Amp:(float) (indexR+radiaiStep)] ; 
minusAmp = [self CalculatorPosition2Amp:(float) (indexR)]; 
AngularStep = plusAmp - minusAmp; 
II Output 
return AngularStep ; 
-(float64) CalculatorFrequency :(float) indexR 
{ 
}*I 
@end 
//Initialization 
float64 Frequency; 
Frequency= 0.0 ; 
II Small circle 
II Max frequency set to a fixed value for circle with radius smaller than 40 pm 
II At 40 Hz, there is one pulse per focus at 40 pm . 
if (indexR < 41 .0) 
Frequency= 40.0; 
II Large circle 
if (indexR > 40.0 && indexR < 200.0) 
Frequency= 40.01(indexRI40.0) ; 
II Safety control - Max 100 Hz, Min 0 Hz 
if (Frequency> 100.0 II Frequency< 0.0) 
Frequency= 0.0; 
II Output 
return Frequency; 
II 
II AutomationController.h 
II iPhotonRT 
II 
II Created by Daniel Cote on 11-03-13. 
II Copyright 2011 Universite Laval. All rights reserved . 
II 
#import <Cocoa/Cocoa.h> 
#import "MotionController.h" 
#import "MP285Device.h" 
#import "DebugMotionDevice.h" 
#import "SMC100Controller.h" 
#import "AblationController.h" 
extern NSString* iPhotonAutomationWiiiStart ; 
extern NSString* iPhotonAutomationDidStart; 
extern NSString* iPhotonAutomationWiiiStep; 
extern NSString* iPhotonAutomationDidStep; 
extern NSString* iPhotonAutomationWiiiStop; 
extern NSString* iPhotonAutomationDidStop; 
extern NSString* iPhotonAutomationTimeStepWiiiStart ; 
extern NSString* iPhotonAutomationTimeStepDidStop; 
extern NSString* iPhotonAutomationProgress; 
extern NSString* iPhotonAutomationError; 
extern NSString* iPhotonAutomationTimeStepWiiiStart; 
extern NSString* iPhotonAutomationTimeStepDidStop; 
extern NSString* iPhotonAutomationMapStepWiiiStart; 
extern NSString* iPhotonAutomationMapStepDidStop; 
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extern NSString* iPhotonAutomationOperationProgress; 
extern NSString* iPhotonAutomationOperationWiiiStart ; 
extern NSString* iPhotonAutomationOperationDidStop; 
enum { kNoErr = 0, 
kSutterErrorOrTimeout = 1, 
kUnableToSave = 2, 
klmagesNotUpdating = 3, 
kUserAborted = 4 
} ; 
enum { 
}; 
kMoveToPosition = 1, 
kMoveByVector = 2, 
kRotateToAngle = 3, 
kRotateByAngle = 4, 
kWaitUntiiDate = 5, 
kWaitForDelay = 6, 
kSavelmageWithUserSettings = 7, 
kSaveStreamWithSettings = 8, 
kValidateSignaiAmplitude = 9 
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@protocol Automation Protocol 
- (void) mapVolumeThread:(NSDictionary *)userlnfo ; 
- (void) mapTheta:(NSDictionary*) userlnfo; 
-(void) mapVolumeThetaThread:(NSDictionary*) userlnfo; 
- (void) moveToThetaAbs:(NSDictionary*) userlnfo; 
-(void) startAutomationAblation :(NSDictionary*) userlnfo; 
- (void) startAutomationAblationFOV:(NSDictionary*) userlnfo; //Added by RTurcotte 
-(void) startAutomationAblationSpirai :(NSDictionary*) userlnfo; //Added by RTurcotte 
- (void) startAutomationAblationSMHz:(NSDictionary*) userlnfo; //Added by RTurcotte 
- (void) startAutomationAblationFOVS:(NSDictionary*) userlnfo; //Added by RTurcotte 
@end 
@interface AutomationController : NSObject<AutomationProtocol> { 
MotionController* motionController; 
NSString* sutterSeriaiDevicePath ; 
NSConditionlock* didSavelock; 
NSConditionlock* newlmagelock; 
SMC1 OOController* smc1 OOController; 
NSString* smc100SeriaiDevicePath; 
@property (retain) MotionController* motionController; 
@property (retain) NSString* sutterSeriaiDevicePath; 
@property (retain) SMC1 OOController* smc1 OOController; 
@property (retain) NSString* smc1 OOSeriaiDevicePath ; 
- (id) init; 
-(void) setupSutterControllerWithPath :(NSString*) bsdPath compatibleOidDriver:(BOOL) oldDriver; 
- (void) setupFakeMotionController; 
-(void) defaultSaveFilterDidSave:(NSNotification*) notification ; 
- (void) motionControllerThread:(id)anObject; 
- (BOOL) waitForSignalleveiUpdate:(NSTimelnterval) seconds; 
- (BOOL) setupSMC100ControllerWithDeviceld:(int) deviceld andPath:(NSString*) bsdPath; 
-(void) initDeviceSMC100; 
- (NSError*) operation11medliveStreaming:(NSDictionary*) properties; 
- (NSError*) operationMoveToPosition:(NSDictionary*) properties ; 
@end 
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II 
II AutomationController.m 
II iPhotonRT 
II 
II Created by Daniel Cote on 11-03-13. 
II Copyright 2011 Universite Laval. All rights reserved. 
II 
[ ... ]//Only section written by RTurcotte are shown 
- (void) startAutomationAblation:(NSDictionary*) userlnfo 
{ 
NSAutoreleasePool *pool = [[NSAutoreleasePool alloc] init] ; 
NSString* localizedRecoverySuggestionErrorKey = nil ; 
NSString* templatePath = [ userlnfo objectForKey:@"templatePath"]; 
if ( templatePath == nil ) { 
templatePath = @"Volume.tif"; 
} 
BOOL error= NO; 
int errorCode = 0; 
/!float completion = 0; 
/lint loopCount = 0; 
I* GetPosition */ 
float x, y, z; 
[ [ self motionController] positionlnMicronsX:&x Y: &y Z:&z]; 
float originX = x, originY = y, originZ = z; 
float delayAfterStageMove = 0.0 ; 
II check that not null 
if([ userlnfo objectForKey:@"delayAfterStageMove"] != [NSNull null]) 
delayAfterStageMove = [ [ userlnfo objectForKey:@"delayAfterStageMove"] floatValue ] ; 
111/lllllllllllllllll/ AT 
float RadiusOut = [ [ userlnfo valueForKey:®"RadiusOut"] floatValue ] ; 
float Depth= [ [ userlnfo valueForKey:@"Depth"] floatValue ] ; 
float Zstep = [ [ userlnfo valueForKey:@"Zstep"] floatValue]; 
AblationController *StartAblation = [[AblationController alloc] in it]; 
NationallnstrumentController *StartAblationNI = [[NationallnstrumentController alloc] init]; 
II Open Shutter 
[StartAblation openShutter] ; 
//Initialization 
double Zscan = roundf(Depth/Zstep) ; 
int indexZA = 0; 
float circleRadiusMax; 
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//Iterate axially and radially 
for (indeXZA;indeXZA<Zscan ;indexZA++) 
{ 
frequency 
//Initialization - Radial parameters 
circleRadiusMax = (0.5*((float) Depth- (float) (indexZA) * Zstep) +(float) RadiusOut); 
if (circleRadiusMax > 250) 
circleRadiusMax = 250; 
float Freq; 
float Amp; 
Amp= [StartAblation CalculatorPosition2Amp:(float) circleRadiusMax1 ; 
Freq = 1.0; 
NSLog(@"%0.3f", Amp); 
II Ask National Instrument to gerate N waves with different amplitudes at a single 
II Creating multiple frequency au puts in one analog channel is challenging in terms of the 
buffer structure. 
(float64) Freq]; 
[StartAblationN I GenerateSquareArea :(NSString*) @ "Dev1/ao0: 1" :(float64) Amp : 
NSLog(@"%0.3f", Amp) ; 
//Move sutter instrument in z here! , and wait for it. 
z = originZ- indexZA * Zstep; 
/*Move to point */ 
int retry= 1 0; 
while (retry != 0 && (error= [ [self motionController 1 movelnMicronsToX:x Y: y Z:z 1 ) ) { 
if ( [[ NSThread currentThread 1 isCancelled 1 ){ 
goto exitOnError; 
} 
NSLog(@"Error or timeout, retrying at most %d times, sleeping 1 sec.", retry); 
sleep(1) ; 
retry--; 
if (error) { 
errorCode = kSutterErrorOrTimeout; 
localizedRecoverySuggestionErrorKey = @"Error communicating with Sutter 
Instruments controller (timeout or error)."; 
goto exitOnError; 
//Close Shutter 
[StartAblation closeShutter1; 
//Zero the galva position 
[StartAblationN I SendAnalogConstant:(NSString*) @"Dev1/ao0:1 ":(float64) 0.01; 
[StartAblationNI release]; 
[StartAblation release] ; 
/llll/lllll/llllllllll RT 
exitOnError: 
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[ [self motionController] movelnMicronsToX:originX Y: originY Z :originZ]; 
if ( errorCode != 0 && errorCode != kUserAborted ) { 
NSDictionary* errorUserlnfo = [ NSDictionary dictionaryWithObjectsAndKeys:@"Could 
not complete automation operation",NSLocalizedDescriptionKey, 
localizedRecoverySuggestionErrorKey, NSLocalizedRecoverySuggestionErrorKey, 
self,NSRecoveryAttempterErrorKey, nil] ; 
NSError* error= [ NSError errorWithDomain:iPhotonAutomationError code : errorCode 
user Info: errorUserlnfo]; 
NSMutableDictionary* userlnfo = [ NSMutableDictionary dictionaryWithObject:error 
forKey:@"NSError" ] ; 
NSNotification* notification = [ NSNotification 
notificationWithName:iPhotonAutomationError object:self userlnfo: userlnfo]; 
[ [ NSApp delegate] performSelectorOnMainThread:@selector(repostNotification:) 
withObject:notification waitUntiiDone:YES ] ; 
} else { 
NSNotification* notification = [ NSNotification 
notificationWithName:iPhotonAutomationProgress object:self userlnfo : userlnfo]; 
[ [ NSApp delegate] performSelectorOnMainThread:@selector(repostNotification:) 
withObject:notification waitUntiiDone:YES ]; 
} 
[ [ NSNotificationCenter defaultCenter] removeObserver:self 
name : iPhotonAutomationDidStep 
object: self]; 
[ pool release ] ; 
- (void) startAutomationAblationFOV:(NSDictionary*) userlnfo 
{ 
NSAutoreleasePool *pool= [[NSAutoreleasePool alloc] init] ; 
NSString* localizedRecoverySuggestionErrorKey =nil; 
NSString* templatePath = [ userlnfo objectForKey:@"templatePath" ] ; 
if (template Path == nil ) { 
templatePath = @"Volume.tif"; 
BOOL error= NO; 
int errorCode = 0; 
r GetPosition */ 
float x, y, z; 
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[ [self motionController] positionlnMicronsX:&x Y: &y Z:&z]; 
float originX = x, originY = y, originZ = z; 
float delayAfterStageMove = 0.0 ; 
II check that not null 
if([ userlnfo objectForKey:@"delayAfterStageMove"] != [NSNull null]) 
delayAfterStageMove = [ [ userlnfo objectForKey:@"delayAfterStageMove"] floatValue ] ; 
1111111111111111111111 RT 
float Depth= [ [ userlnfo valueForKey:@"Depth"] floatValue ] ; 
float Zstep = [ [ userlnfo valueForKey:@"Zstep"] floatValue]; 
AblationController *StartAblation = [[AblationController alloc] init]; 
NationallnstrumentController *StartAblationNI = [[NationallnstrumentController alloc] init]; 
II Open Shutter 
[StartAblation openShutter]; 
II Initialization 
double Zscan = roundf(Depth/Zstep); 
int indeXZA = 0; 
II Iterate axially and radially 
for (indeXZA;indeXZA<Zscan ;indeXZA++) 
{ 
frequency 
float Freq; 
float Amp; 
Amp= 5.0 ; 
Freq = 0.10; 
NSLog(@"%0.3f", Amp); 
II Ask National Instrument to gerate N waves with different amplitudes at a single 
II Creating multiple frequency ouputs in one analog channel is challenging in terms of the 
buffer structure. 
[StartAblationNI GenerateAnalogSawWaveFinite :(NSString*) @"Dev1 /ao1" :(float64) 
Amp :(float64) Freq :(float64) 0.0]; 
/!Move sutter instrument in z here!, and wait for it. 
z = originZ- indexZA * Zstep ; 
r Move to point*/ 
int retry= 1 0; 
while (retry!= 0 && (error= [ [self motionController] movelnMicronsToX:x Y: y Z:z])) { 
if ( [[ NSThread currentThread] isCancelled ] ){ 
goto exitOnError; 
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} 
NSLog(@"Error or timeout, retrying at most %d times, sleeping 1 sec.", retry) ; 
sleep(1) ; 
retry-- ; 
} 
if (error) { 
errorCode = kSutterErrorOrTimeout; 
localizedRecoverySuggestionErrorKey = @"Error communicating with Sutter 
Instruments controller (timeout or error)."; 
goto exitOnError; 
} 
//Close Shutter 
[StartAblation closeShutter) ; 
!!Zero the galva position 
[StartAblationNI SendAnalogConstant:(NSString*) @"Dev1/ao1 ":(float64) 0.0] ; 
[StartAblationN I release) ; 
[StartAblation release] ; 
lllllllllllllllllll/11 RT 
exitOnError : 
[ [self motionController] movelnMicronsToX :originX Y: originY Z:originZ ] ; 
if ( errorCode != 0 && errorCode != kUserAborted ) { 
NSDictionary* errorUserlnfo = [ NSDictionary dictionaryWithObjectsAndKeys: @"Could 
not complete automation operation" ,NSLocalizedDescriptionKey, 
localizedRecoverySuggestionErrorKey, NSLocalizedRecoverySuggestionErrorKey, 
self,NSRecoveryAttempterErrorKey, nil ]; 
NSError* error= [ NSError errorWithDomain :iPhotonAutomationError code : errorCode 
userlnfo: errorUserlnfo]; 
NSMutableDictionary* userlnfo = [ NSMutableDictionary dictionaryWithObject:error 
forKey:@"NSError" ] ; 
NSNotification* notification = [ NSNotification 
notification With Name :iPhotonAutomationError object:self userlnfo: userlnfo] ; 
[ [ NSApp delegate] performSelectorOnMainThread:@selector(repostNotification :) 
withObject:notification waitUntiiDone:YES ] ; 
} else { 
NSNotification* notification = [ NSNotification 
notificationWithName:iPhotonAutomationProgress object:self userlnfo : userlnfo]; 
[ [ NSApp delegate] performSelectorOnMainThread :@selector(repostNotification:) 
withObject:notification waitUntiiDone:YES ] ; 
} 
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[ [ NSNotificationCenter defaultCenter] removeObserver:self 
name: iPhotonAutomationDidStep 
object: self ] ; 
[pool release]; 
} 
-(void) startAutomationAblationSpirai:(NSDictionary*) userlnfo 
{ 
NSAutoreleasePool *pool = [[NSAutoreleasePool alloc] init]; 
NSString* localizedRecoverySuggestionErrorKey =nil ; 
NSString* templatePath = [ userlnfo objectForKey:@"templatePath"]; 
if ( templatePath == nil ) { 
templatePath = @"Volume.tif" ; 
BOOL error= NO; 
int errorCode = 0; 
/!float completion= 0; 
/lint loopCount = 0; 
/* GetPosition *I 
float x, y, z; 
[ [self motionController] positionlnMicronsX:&x Y: &y Z:&z ]; 
float originX = x, originY = y, originZ = z; 
float delayAfterStageMove = 0.0; 
II check that not null 
if([ userlnfo objectForKey:@"delayAfterStageMove"] != [NSNull null]) 
delayAfterStageMove = [ [ userlnfo objectForKey:@"delayAfterStageMove"] floatValue]; 
ll!lll!l/////////l/1// RT 
float RadiusOut = [ [ user Info value ForKey: @"RadiusOut"] floatValue ] ; 
float Depth= [ [ userlnfo valueForKey:@"Depth"] floatValue ]; 
float Zstep = [ [ userlnfo valueForKey:@"Zstep"] floatValue]; 
AblationController *StartAblation = [[AblationController alloc] init] ; 
NationallnstrumentController *StartAblationNI = [[NationallnstrumentController alloc] init] ; 
II Open Shutter 
[StartAblation openShutter] ; 
II Initialization 
double Zscan = roundf(Depth!Zstep); 
int indeXZA = 0; 
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//Iterate axially and radially 
for (indexZA;indexZA<Zscan ;indexZA++) 
{ 
frequency 
float Freq; 
float Amp; 
float AngularStep; 
Amp= [StartAblation CalculatorPosition2Amp:(float) RadiusOut] ; 
AngularStep = [StartAblation CalculatorPosition2Amp:(float) 3.0] ; 
Freq = 8.0; II Correspond to the frequency of a single circle in Hz (120ms period) 
II Ask National Instrument to gerate N waves with different amplitudes at a single 
II Creating multiple frequency ouputs in one analog channel is challenging in terms of the 
buffer structure. 
int axial repeat= 0; 
for (axialrepeat ;axialrepeat<3;axialrepeat++ X 
[StartAblationNI GenerateAnalogNSpiral2 :(NSString*) @"Dev1/ao0:1" :(float64) Amp : 
(float64) Freq :(float64) AngularStep] ; 
} 
//Move sutter instrument in z here!, and wait for it. 
z = originZ - indexZA * Zstep; 
I* Move to point*/ 
int retry= 10; 
while (retry!= 0 && (error= [ [self motionController] movelnMicronsToX:x Y: y Z:z])) { 
if ( [[ NSThread currentThread ] isCancelled ] X 
goto exitOnError; 
} 
NSLog(@"Error or timeout, retrying at most %d times, sleeping 1 sec.", retry) ; 
sleep(1) ; 
retry-- ; 
if (error) { 
errorCode = kSutterErrorOrTimeout; 
localizedRecoverySuggestionErrorKey = @"Error communicating with Sutter 
Instruments controller (timeout or error)."; 
goto exitOnError; 
} 
} 
//Close Shutter 
[StartAblation closeShutter] ; 
//Zero the galva position 
[StartAblationN I SendAnalogConstant:(NSString*) @"Dev1/ao0: 1 ":(float64) 0.0] ; 
[StartAblationN I release]; 
[StartAblation release] ; 
/lllllllllflllllllll/1 RT 
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exitOnError: 
[ [self motionController] movelnMicronsToX:originX Y: originY Z :originZ ]; 
if ( errorCode != 0 && errorCode != kUserAborted ) { 
NSDictionary* errorUserlnfo = [ NSDictionary dictionaryWithObjectsAndKeys:@"Could 
not complete automation operation",NSLocalizedDescriptionKey, 
localizedRecoverySuggestionErrorKey, NSLocalizedRecoverySuggestionErrorKey, 
self,NSRecoveryAttempterErrorKey, nil] ; 
NSError* error= [ NSError errorWithDomain:iPhotonAutomationError code : errorCode 
userlnfo : errorUserlnfo]; 
NSMutableDictionary* userlnfo = [ NSMutableDictionary dictionaryWithObject:error 
forKey:@"NSError"]; 
NSNotification* notification = [ NSNotification 
notificationWithName:iPhotonAutomationError object:self userlnfo: userlnfo] ; 
[ [ NSApp delegate] performSelectorOnMainThread:@selector(repostNotification:) 
withObject:notification waitUntiiDone:YES ] ; 
} else { 
NSNotification* notification = [ NSNotification 
notificationWithName:iPhotonAutomationProgress object:self userlnfo: userlnfo] ; 
[ [ NSApp delegate] performSelectorOnMainThread:@selector(repostNotification :) 
withObject:notification waitUntiiDone:YES ]; 
[ [ NSNotificationCenter defaultCenter] removeObserver:self 
name: iPhotonAutomationDidStep 
object: self ] ; 
[pool release] ; 
} 
- (void) startAutomationAblationSMHz:(NSDictionary*) userlnfo; 
{ 
NSAutoreleasePool *pool = [[NSAutoreleasePool alloc] init] ; 
NSString* localizedRecoverySuggestionErrorKey =nil ; 
NSString* templatePath = [ userlnfo objectForKey:@"templatePath" ] ; 
if ( template Path == nil ) { 
templatePath = @"Volume.tif"; 
BOOL error= NO; 
int errorCode = 0; 
r Getposition */ 
float x, y, z; 
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[ [self motionController] positionlnMicronsX:&x Y: &y Z:&z ]; 
float originX = x, originY = y, originZ = z; 
float Depth= [ [ userlnfo valueForKey:@"Depth"] floatValue ] ; 
float Zstep = [ [ userlnfo valueForKey:@"Zstep"] floatValue]; 
float ltdistance = [ [ userlnfo valueForKey:@"ltdistance"] floatValue ] ; 
float planeAblationTime = 0.0; 
planeAblationTime = [ [ userlnfo objectForKey:@"planeAblationTime"] floatValue]; 
struct timespec PAT; 
PAT.tv_sec =(long) ( planeAblationTime /1000 ); 
PAT.tv_nsec = ((long) planeAblationTime% 1000) * 1000000; 
II Start no iterative 
//Initialization 
//double Zmultiple = roundf(Depth/(Zstep*ltdistance)) ; 
/lint indeXZAit = 1; 
//for(indexZAit;indeXZAit<(Zmultiple+ 1) ;indexZAit++) 
//{ 
//double Zscanlt = roundf(indexZAit*ltdistance); 
/lint indexZA = 0; 
//Iterate axially and radially 
//for (indexZA;indexZA<Zscanlt;indeXZA++) 
//End iterative 
II Start no iterative 
//Initialization 
double Zscan = roundf(Depth/Zstep) ; 
int indeXZA = 0; 
//Iterate axially and radially 
for (indeXZA;indeXZA<Zscan ;indeXZA++) 
{//End no iterative 
Z:z]) ){ 
//Plane Ablation time 
nanosleep(&PAT, NULL); 
//Move sutter instrument in z here!, and wait for it. 
z = originZ - indexZA * Zstep; 
r Move to point */ 
int retry= 10; 
while (retry != 0 && (error= [ [self motionController] movelnMicronsToX:x Y: y 
if ( [[ NSThread currentThread ] isCancelled ] X 
goto exitOnError; 
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} 
NSLog(@"Error or timeout, retrying at most %d times, sleeping 1 sec.", 
retry) ; 
sleep(1) ; 
retry-- ; 
if (error ) { 
errorCode = kSutterErrorOrTimeout; 
localizedRecoverySuggestionErrorKey = @"Error communicating with 
Sutter Instruments controller (timeout or error)."; 
goto exitOnError; 
exitOnError : 
[ [self motionController] movelnMicronsToX:originX Y: originY Z:originZ ] ; 
if ( errorCode != 0 && errorCode != kUserAborted ) { 
NSDictionary* errorUserlnfo = [ NSDictionary dictionaryWithObjectsAndKeys:@"Could 
not complete automation operation",NSLocalizedDescriptionKey, 
localizedRecoverySuggestionErrorKey, NSLocalizedRecoverySuggestionErrorKey, 
self,NSRecoveryAttempterErrorKey, nil ]; 
NSError* error= [ NSError errorWithDomain :iPhotonAutomationError code : errorCode 
userlnfo : errorUserlnfo ] ; 
NSMutableDictionary* userlnfo = [ NSMutableDictionary dictionaryWithObject:error 
forKey:@"NSError"]; 
NSNotification* notification = [ NSNotification 
notificationWithName:iPhotonAutomationError object:self userlnfo: userlnfo] ; 
[ [ NSApp delegate] performSelectorOnMainThread:@selector(repostNotification :) 
withObject:notification waitUntiiDone:YES ]; 
} else { 
NSNotification* notification = [ NSNotification 
notificationWithName:iPhotonAutomationProgress object:self userlnfo: userlnfo] ; 
[ [ NSApp delegate] performSelectorOnMainThread:@selector(repostNotification:) 
withObject:notification waitUntiiDone:YES ]; 
[ [ NSNotificationCenter defaultCenter] removeObserver:self 
name: iPhotonAutomationDidStep 
object: self ] ; 
[pool release] ; 
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-(void) startAutomationAblationFOVS:(NSDictionary*) userlnfo 
{ 
NSAutoreleasePool *pool = [[NSAutoreleasePool alloc] init]; 
NSString* localizedRecoverySuggestionErrorKey =nil ; 
NSString* templatePath = [ userlnfo objectForKey:@"templatePath" ] ; 
if ( templatePath == nil ) { 
templatePath = @"Volume.tif" ; 
} 
BOOL error= NO; 
int errorCode = 0; 
r GetPosition *I 
float x, y, z, Zlterative ; 
[ [self motionController] positionlnMicronsX:&x Y: &y Z:&z ] ; 
float originX = x, originY = y, originZ = z; 
float mapDeltaX = [ [ userlnfo valueForKey:@"mapDeltaX"] floatValue]; 
float mapDeltaY = [ [ userlnfo valueForKey:@"mapDeltaY"] floatValue ]; 
float mapDeltaZ = [ [ userlnfo valueForKey:@"mapDeltaZ"] floatValue ] ; 
long maplmagesX = [ [ userlnfo valueForKey:@"maplmagesX'11ongValue ] ; 
long maplmagesY = [ [ userlnfo valueForKey:@"maplmagesY"]IongValue ] ; 
long maplmagesZ = [ [ userlnfo valueForKey:@"maplmagesZ"]IongValue ] ; 
long firstX = 0; 
long firstY = 0; 
long firstZ = 0; 
if ( [ userlnfo objectForKey:@"mapFirstX"] != [NSNull null]) 
firstX = [ [ userlnfo valueForKey:@"mapFirstX"]IongValue]; 
if ( [ userlnfo objectForKey:@"mapFirstY"] != [NSNull null]) 
firstY = [ [ userlnfo valueForKey:@"mapFirstY"]IongValue]; 
if ( [ userlnfo objectForKey:@"mapFirstZ"] != [NSNull null] ) 
firstZ = [ [ userlnfo valueForKey:@"mapFirstZ"]IongValue]; 
BOOL skipEmptyRegions =NO; 
II check that not null 
if([ userlnfo objectForKey:@"mapSkipEmptyRegions"] != [NSNull null]) 
skipEmptyRegions = [ [ userlnfo objectForKey:@"mapSkipEmptyRegions"] booiValue ] ; 
maplmagesX = maplmagesX < 1 ? 1 : maplmagesX; 
maplmagesY = maplmagesY < 1 ? 1 : maplmagesY; 
maplmagesZ = maplmagesZ < 1 ? 1 : maplmagesZ; 
float delayAfterStageMove = 0.0; 
II check that not null 
if([ userlnfo objectForKey:@"delayAfterStageMove"] != [NSNull null]) 
delayAfterStageMove = [ [ userlnfo objectForKey:@"delayAfterStageMove"] floatValue ] ; 
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struct timespec timeDelayAfterMove; 
timeDelayAfterMove.tv_sec =(long) ( delayAfterStageMove /1000 ); 
timeDelayAfterMove.tv_nsec = ( (long) delayAfterStageMove % 1000 ) * 1 000000; 
long indexX = 0, indexY = 0, indeXZ = 0; 
!llllll!l/1/llllllllll RT 
float Depth= [ [ userlnfo valueForKey:@"Depth"] floatValue ] ; 
float Zstep = [ [ userlnfo valueForKey:@"Zstep"] floatValue]; 
AblationController *StartAblation = [[AblationController alloc] init]; 
NationallnstrumentController *StartAblationNI = [[NationallnstrumentController alloc] init]; 
II Open Shutter 
[StartAblation openShutter]; 
//Initialization 
double Zscan = roundf(mapDeltaZ/Zstep) ; 
double Zmaxscan = roundf(Depth/mapDeltaZ) ; 
/INSLog(@"%0.3f", Zscan); 
/INSLog(@"%0.3f", Zmaxscan) ; 
for ( indexZ = firstz; indeXZ < Zmaxscan; indeXZ++) { 
Zlterative = originZ- indexZ * mapDeltaZ; 
//NSLog(®"%1u", indexZ); 
/INSLog(@"%0.3f", Zlterative); 
for ( indexX = firstX; indexX < 5; indexX++) { 
if ( delayAfterStageMove > 0 ) 
nanosleep(&timeDelayAfterMove, NULL); 
//NSLog(@"%1u", indexX); 
x = originX; 
y = originY; 
if(indeXZ < Zmaxscan){ 
if(indexX == 0 II indexX == 3) { 
x = originX - mapDeltaX; 
} else if (indexX == 2) { 
x = originX; 
} else if (indexX == 4 II indexX == 1) { 
x = originX + mapDeltaX ; 
if(indexX == 4 II indexX == 3) { 
y = originY- mapDeltaY; 
} else if (indexX == 2) { 
y = originY; 
} else if (indexX == 1 II indexX == 0) { 
y = originY + mapDeltaY; 
} 
//NSLog( @"%0.0f", x) ; 
//NSLog(@"%0.0f", y) ; 
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//Iterate axially and radially 
int indexZA = 0; 
for (indexZA;indexZA<(Zscan+ 1) ;indexZA++ ){ 
//Move sutter instrument in z here! , and wait for it. 
z = Zlterative - indeXZA * Zstep; 
//NSLog(@"%0.3f", z) ; 
I* Move to point*/ 
int retry= 10; 
while (retry!= 0 && (error= [ [self motionController 1 
movelnMicronsToX:x Y: y Z :z 1 ) ) { 
sleeping 1 sec. n ' retry) ; 
if ( [[ NSThread currentThread 1 isCancelled 1 ){ 
goto exitOnError; 
NSLog(@"Error or timeout, retrying at most %d times , 
sleep(1) ; 
retry-- ; 
if (error) { 
errorCode = kSutterErrorOrlimeout; 
localizedRecoverySuggestionErrorKey = @"Error 
communicating with Sutter Instruments controller (timeout or error) ." ; 
amplitudes at a single frequency 
goto exitOnError; 
} 
float Freq ; 
float Amp ; 
Amp= 5.0; 
Freq = 0.10; 
NSLog(@"%0.3f", Amp) ; 
II Ask National Instrument to gerate N waves with different 
II Creating multiple frequency ouputs in one analog channel is 
challenging in terms of the buffer structure . 
[StartAblationNI GenerateAnalogSawWaveFinite :(NSString*) 
@"Dev1/ao1 " :(float64) Amp :(float64) Freq :(float64) 0.0]; 
} 
x = originX; 
y = originY; 
z = originZ; 
int retry= 1 0; 
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while (retry!= 0 && (error= [ [self motionController] movelnMicronsToX:x Y: y Z:z] ) ) { 
if ( [[ NSThread currentThread ] isCancelled ] X 
goto exitOnError; 
} 
NSLog(@"Error or timeout, retrying at most %d times, sleeping 1 sec.", retry) ; 
sleep(1); 
retry-- ; 
if ( error) { 
errorCode = kSutterErrorOrTimeout ; 
localizedRecoverySuggestionErrorKey = @"Error communicating with Sutter Instruments 
controller (timeout or error)."; 
goto exitOnError; 
//Close Shutter 
[StartAblation closeShutter]; 
//Zero the galvo position 
[StartAblationNI SendAnalogConstant:(NSString*) @"Dev1 /ao1 ":(float64) 0.0]; 
//[StartAblationN I release] ; 
[StartAblation release]; 
ll//l//l/////ll//l/l/1 RT 
exitOnError: 
[ [self motionController] movelnMicronsToX:originX Y: originY Z:originZ ]; 
if ( errorCode != 0 && errorCode != kUserAborted ) { 
NSDictionary* errorUserlnfo = [ NSDictionary dictionaryWithObjectsAndKeys:@"Could 
not complete automation operation" ,NSLocalizedDescriptionKey, 
localizedRecoverySuggestionErrorKey, NSLocalizedRecoverySuggestionErrorKey, 
self,NSRecoveryAttempterErrorKey, nil] ; 
NSError* error= [ NSError errorWithDomain :iPhotonAutomationError code: errorCode 
userlnfo: errorUserlnfo ] ; 
NSMutableDictionary* userlnfo = [ NSMutableDictionary dictionaryWithObject:error 
forKey:@"NSError"]; 
NSNotification* notification = [ NSNotification 
notificationWithName:iPhotonAutomationError object:self userlnfo: userlnfo]; 
[ [ NSApp delegate] performSelectorOnMainThread:@selector(repostNotification :) 
withObject:notification waitUntiiDone:YES ]; 
} else { 
NSNotification* notification = [ NSNotification 
notificationWithName:iPhotonAutomationProgress object:self userlnfo: userlnfo]; 
[ [ NSApp delegate] pertormSelectorOnMainThread :@selector(repostNotification :) 
withObject:notification waitUntiiDone:YES ]; 
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[ [ NSNotificationCenter defaultCenter] removeObserver:self 
name: iPhotonAutomationDidStep 
object: self 1; 
} 
@end 
[pool release]; 
II 
II NationallnstrumentController.h 
II AblationController 
II 
II Created by Raphael Turcotte on 7/11/12. 
179 
II Copyright 2012 _WellmanCenterforPhotomedicine_. All rights reserved. 
II 
#import <Cocoa/Cocoa.h> 
#include "NIDAQmxBase.h" 
#include <stdio.h> 
#include <time.h> 
#include <unistd.h> 
#define DAQmxErrChk(functionCall) { if( DAQmxFailed(error=(functionCall)) ) { goto Error; } } 
#define PI 3.1415926535 
#define bufferSizeNI 512 
@interface NationallnstrumentController : NSObject { 
} 
//Digital output 
-(void) SendDigitaiPulse:(NSString*) Dev1 CTR; 
//Analog output 
-(void) SendAnalogConstant:(NSString*) Dev1AO: (float64) Value ; 
-(void) SendAnalogPulse: (NSString*) Dev1CTR :(float64) Value :(float64) Width ; 
//Analog wave- single-channel output 
-(void) GenerateAnalogSineWave:(NSString*) Dev1CTR :(float64) Amp :(float64) Freq :(float64) 
DUration :(float64) DCoffset; 
-(void) GenerateAnalogTriangleWave:(NSString*) Dev1 CTR :(float64) Amp :(float64) Freq :(float64) 
DUration :(float64) DCoffset; 
-(void) GenerateAnalogSawWave:(NSString*) Dev1CTR :(float64) Amp :(float64) Freq :(float64) 
DUration :(float64) DCoffset; 
-(void) GenerateAnalogSquareWave :(NSString*) Dev1 CTR :(float64) Amp :(float64) Freq :(float64) 
DUration :(float64) DCoffset; 
-(void) GenerateAnalogPulseTrain :(NSString*) Dev1CTR :(float64) Amp :(float64) Freq :(float64) 
DUration :(float64) Width ; 
-(void) GenerateAnalogSawWaveFinite :(NSString*) Dev1CTR :(float64) Amp :(float64) Freq :(float64) 
DCoffset ; 
//Analog wave -two-channels output 
-(void) GenerateAnalog2SineWave:(NSString*) Dev1CTR :(float64) Amp :(float64) Freq :(float64) 
DUration :(float64) Phase ; 
//Analog special waves 
-(void) GenerateAnalogNSpiral2 :(NSString*) Dev1 CTR :(float64) Amp :(float64) Freq :(float64) 
AngularStep ; 
-(void) GenerateSquareArea :(NSString*) Dev1CTR :(float64) Amp :(float64) Freq; 
@end 
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II 
II NationallnstrumentController.m 
II AblationController 
II 
II Created by Raphael Turcotte on 7/11112. 
II Copyright 2012 _WellmanCenterforPhotomedicine_. All rights reserved. 
II 
#import "NationallnstrumentController.h" 
@implementation NationallnstrumentController 
II I I I I I I /II I I I I I I I II I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I II I II I I I I I I I I I I I I II I I I I 
//Digital output 
//ll/1/l//////////////////////////l////l////l////l/////l/////l//////////l/l///////////////// 
-(void) SendDigitaiPulse:(NSString*) Dev1 CTR 
{ 
II Task parameters 
int32 error= 0; 
TaskHandle taskHandle = 0; 
char errBuff[2048]={'\0'}; 
time_t startTime; 
II Channel parameters 
char* chan= [Dev1CTR UTF8String] ; 
float64 freq = 1 ; 
float64 duty= 0.5; 
float64 delay= 0.0; 
II Data write parameters 
float64 timeout =0.01 ; //the pulse is made longer here to move the sutter. Shorter pulses won't work. 
bool32 done= 0; 
DAQmxErrChk (DAQmxBaseCreateTask("",&taskHandle)) ; 
DAQmxErrChk 
(DAQmxBaseCreateCOPulseChanFreq(taskHandle, chan,"", DAQmx_ Vai_Hz, D AQmx_ Vai_Low,delay, freq, 
duty)); 
DAQmxErrChk (DAQmxBaseStartTask(taskHandle)); 
II The loop will quit after timeout seconds 
startTime = time(NULL); 
while( !done && time(NULL)<startTime+timeout) { 
DAQmxErrChk (DAQmxBaselsTaskDone(taskHandle,&done)); 
if( !done) 
usleep(1 0); 
} 
Error: 
if( DAQmxFailed(error) ) 
DAQmxBaseGetExtendedErrorlnfo(errBuff,2048) ; 
if( taskHandle!=O) { 
DAQmxBaseStop Task(taskHandle) ; 
DAQmxBaseCiearTask(taskHand le); 
181 
} 
if( DAQmxFailed(error) ) 
printf ("DAOmxBase Error %1d: %s\n", error, errBuff) ; 
Ill II Ill II II I /Ill I /Ill II I I /II /II II /II I II II /II II I I II II II II I I /II II /Ill /II II /II I I II II I II I I /II II 
//Analog output 
J////////I/////////////J////////I/////I//I/I///////////////I////I/1///////////I////////////I 
-(void) SendAnalogConstant:(NSString*) Dev1 CTR :(float64) Value 
{ 
II Task parameters 
int32 error = 0; 
TaskHandle taskHandle = 0; 
char errBuff[2048]={'\0'}; 
II Channel parameters 
char* chan = [Dev1 CTR UTF8String]; 
float64 min= -10.0; 
float64 max= 10.0; 
II Timing parameters 
ulnt64 samplesPerChan = 1; 
II Data write parameters 
//float64 data= 5.0 ; 
int32 pointsWritten ; 
float64 timeout = 1 0.0; 
DAQmxErrChk (DAQmxBaseCreateTask("",&taskHandle)) ; 
DAQmxErrChk 
(DAQmxBaseCreateAOVoltageChan(taskHandle ,chan,'"' , min, max, D AQmx_ Val_ Volts, NULL)); 
DAQmxErrChk (DAQmxBaseStartTask(taskHandle)) ; 
DAQmxErrChk (DAQmxBaseWriteAnalogF64(taskHandle,samplesPerChan, 
O,timeout, DAQmx_ Vai_GroupByChannel ,& Value ,&pointsWritten , NULL)) ; 
Error: 
} 
if( DAQmxFailed(error) ) 
DAQmxBaseGetExtendedErrorlnfo(errBuff,2048) ; 
if( taskHandle!=O) { 
} 
DAQmxBaseStop Task(taskHandle) ; 
DAQmxBaseCiearTask(taskHandle) ; 
if( DAQmxFailed(error) ) 
printf ("DAQmxBase Error o/old : %s\n", error, errBuff) ; 
-(void) SendAnalogPulse: (NSString*) Dev1CTR :(float64) Value :(float64) Width 
{ 
static int gRunning = 0 ; 
II Task parameters 
int32 error= 0; 
TaskHandle taskHandle = 0; 
char errBuff[2048]={'\0'}; 
bool32 done=O; 
II Channel parameters 
char* chan = [Dev1 CTR UTF8String]; 
float64 min= -10.0 ; 
float64 max= 10.0; 
II Timing parameters 
float64 Freq = 1 ; 
ulnt64 samplesPerChan = bufferSizeNI ; 
float64 sampleRate = 5115.0*Freqi(10.0*Width); 
II Data write parameters 
float64 data[bufferSizeNI]; 
int32 pointsWritten; 
float64 timeout= 10.0; 
I I I I I I I I /II I I I I I I II 
static inti; 
static int j; 
for(i=O ;i<bufferSizeN I ;i++) 
{ 
} 
data[i] = Value; 
INerify data within valid range 
if (data[i] > 1 0.0) 
data[i] = 10.0; 
if (data[i] < -10.0) 
data[i] = -10.0 ; 
forU=O ;j<5 ;j++) 
{ 
data[bufferSizeNI-j] = 0.0; 
111111111111/111 
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DAQmxErrChk (DAQmxBaseCreateTask("",&taskHandle)); 
DAQmxErrChk 
(DAQmxBaseCreateAOVoltageChan(taskHandle,chan,"",min,max,DAOmx_Vai_Volts,NULL)); 
DAQmxErrChk 
(DAQmxBaseCfgSampCikTiming(taskHandle, "",sample Rate, DAQmx_ Vai_Rising, DAQmx_ Vai_FiniteSam 
ps,samplesPerChan)) ; 
DAQmxErrChk (DAQmxBaseWriteAnalogF64(taskHandle,samplesPerChan, 
0, timeout, D AQmx_ Val_ GroupByChannel ,data,&pointsWritten, NULL)); 
DAQmxErrCh k (DAQmxBaseStartTask(taskHandle)); 
gRunning = 1; 
II The loop will quit after DUration seconds 
while( gRunning && !done ) { 
DAQmxErrChk (DAQmxBaselsTaskDone(taskHandle,&done)); 
if( !done) 
usleep(1); 
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} 
Error: 
} 
if( DAQmxFailed(error)) 
DAQmxBaseGetExtendedErrorlnfo(errBuff,2048); 
if( taskHandle!=O) { 
} 
DAQmxBaseStop Task(taskHandle) ; 
DAQmxBaseCiearTask(taskHandle) ; 
if( DAQmxFailed(error) ) 
printf ("DAQmxBase Error o/od: o/os\n", error, errBuff) ; 
l/llllllllll/ll/lll/lll/llll/lll/ll/lllllll/llll/llllllllll/ll/lllllll/llll/llllll/llll//111 
//Analog wave -single-channel output 
ll/11111111111111111111111111111111111111111111111111111111111111111111111111111111111111111 
-(void) GenerateAnalogSineWave :(NSString*) Dev1CTR :(float64) Amp :(float64) Freq :(float64) DUration 
:(float64) DCoffset 
{ 
static int gRunning = 0; 
II Task parameters 
int32 error = 0; 
TaskHandle taskHandle = 0; 
int32 i = 0; 
char errBuff[2048]={'\0'}; 
time_t startTime; 
bool32 done=O; 
II Channel parameters 
char* chan = [Dev1 CTR UTF8String]; 
float64 min= -10.0; 
float64 max= 10.0; 
II Timing parameters 
ulnt64 samplesPerChan = bufferSizeNI; 
float64 sampleRate = 5115.0*Freql10.0; 
II Data write parameters 
float64 data[bufferSizeNI]; 
int32 pointsWritten; 
float64 timeout= 10.0; 
for(;i<bufferSizeN I ;i++) 
{ 
data[i] = Amp*sin((double)i*2.0*PII(double)bufferSizeNI) +(double) DCoffset; 
INerify data within valid range 
if (data[i] > 10.0) 
data[i] = 10.0; 
if (data[i] < -1 0.0) 
data[i] = -10.0; 
} 
DAOmxErrChk (DAOmxBaseCreateTask("",&taskHandle)); 
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DAQmxErrChk 
(DAQmxBaseCreateAOVoltageChan(taskHandle,chan, "" ,min, max, DAQmx_ Val_ Volts, NULL)); 
DAQmxErrChk 
(D AQmxBaseCfgSam pCI kTim i ng(taskHandle, "",sam pie Rate, DAQmx_ Vai_Rising, D AQmx_ Val_ ContSamp 
s,samplesPerChan)); 
DAQmxErrChk (DAQmxBaseWriteAnalogF64(taskHandle,samplesPerChan, 
o, timeout, DAQmx_ Val_ GroupByChannel, data,&pointsWritten, NULL)) ; 
DAQmxErrChk (DAQmxBaseStartTask(taskHandle)); 
gRunning = 1 ; 
II The loop will quit after 1 0 seconds 
startTime = time(NULL); 
while( gRunning && !done && time(NULL)<startTime +DUration ) { 
DAQmxErrChk (DAQmxBaselsTaskDone(taskHandle,&done)) ; 
if( !done) 
usleep(1 00000); 
} 
Error: 
} 
if( DAQmxFailed(error) ) 
DAQmxBaseGetExtended Errorlnfo( errBuff, 2048); 
if( taskHandle!=O) { 
} 
DAQmxBaseStop Task(taskHandle); 
DAQmxBaseCiearTask(taskHandle); 
if( DAQmxFailed(error) ) 
printf ("DAQmxBase Error %d: %s\n", error, errBuff); 
-(void) GenerateAnalogTriangleWave :(NSString*) Dev1CTR :(float64) Amp :(float64) Freq :(float64) 
DUration :(float64) DCoffset 
{ 
static int gRunning = 0; 
II Task parameters 
int32 error= 0; 
TaskHandle taskHandle = 0; 
int32 i = 0; 
char errBuff[2048]={'\0'}; 
time_t startTime; 
bool32 done=O; 
II Channel parameters 
char* chan = [Dev1 CTR UTF8String]; 
float64 min= -1 0.0; 
float64 max= 1 0.0; 
II Timing parameters 
ulnt64 samplesPerChan = 2*bufferSizeNI; 
float64 sampleRate = 5115.0*Freql10.0; 
II Data write parameters 
float64 data[2*bufferSizeN I] ; 
int32 pointsWritten; 
float64 timeout= 1 0.0; 
for(;kbufferSizeN I ;i++) 
{ 
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data[i] = Amp*(2.0*((double)i-(double)bufferSizeNI/2.0)/(double)bufferSizeNI) + DCoffset; 
data[i+bufferSizeN I] = -Amp*(2.0*(( double )i-( double )bufferSizeN 1/2.0)/ 
(double)bufferSizeNI) + DCoffset ; 
/Nerify data within valid range 
if (data[i] > 10.0) 
data[i] = 1 0.0; 
if (data[i] < -1 0.0) 
data[i] = -1 0.0; 
if (data[i+bufferSizeN I] > 1 0.0) 
data[i+bufferSizeNI] = 10.0; 
if (data[i+bufferSizeNI] < -1 0.0) 
data[i+bufferSizeNI] = -10.0; 
DAQmxErrChk (DAQmxBaseCreate Task('"' , &task Handle)) ; 
DAQmxErrChk 
(D AQmxBaseCreateAOVoltageChan(taskHandle ,chan,"", min, max, D AQmx_ Val_ Volts, NULL)) ; 
DAQmxErrChk 
(DAQmxBaseCfgSampCikTiming(taskHandle,"",sampleRate ,DAQmx_Vai_Rising,DAQmx_Vai_ContSamp 
s,samplesPerChan)); 
DAQmxErrChk (DAQmxBaseWriteAnalogF64(taskHandle,samplesPerChan, 
0, timeout, DAQmx_ Val_ GroupByChannel , data,&pointsWritten, NULL)) ; 
DAQmxErrChk (DAQmxBaseStartTask(taskHandle)) ; 
gRunning = 1 ; 
II The loop will quit after 1 0 seconds 
startTime = time(NULL) ; 
while( gRunning && !done && time(NULL)<startTime + DUration ) { 
DAQmxErrChk (DAQmxBaselsTaskDone(taskHandle,&done)); 
if( !done) 
usleep(1 00000) ; 
} 
Error: 
if( DAQmxFailed(error) ) 
DAQmxBaseGetExtended Errorlnfo( errBuff, 2048) ; 
if( taskHandle!=O ) { 
} 
DAQmxBaseStop Task(taskHandle); 
DAQmxBaseCiear Task(taskHandle) ; 
if( DAQmxFailed(error) ) 
printf ("DAQmxBase Error %d: %s\n" , error, errBuff); 
-(void) GenerateAnalogSawWave :(NSString*) Dev1CTR :(float64) Amp :(float64) Freq :(float64) DUration 
:(float64) DCoffset 
{ 
static int gRunning = 0; 
II Task parameters 
int32 error= 0; 
TaskHandle taskHandle = 0; 
int32 i = 0; 
char errBuff[2048]={'\0'} ; 
time_t startTime; 
bool32 done=O; 
II Channel parameters 
char* chan= [Dev1CTR UTF8String] ; 
float64 min= -10.0; 
float64 max= 10.0; 
II Timing parameters 
ulnt64 samplesPerChan = bufferSizeNI ; 
float64 sampleRate = 5115.0*Freql10.0; 
II Data write parameters 
float64 data[bufferSizeN I] ; 
int32 pointsWritten ; 
float64 timeout= 10.0; 
for(;kbufferSizeN I ;i++) 
{ 
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data[i] = Amp*(2.0*(( double )i-( double )bufferSizeN 112.0)1( double )bufferSizeN I) + DCoffset; 
INerify data within valid range 
if (data[i] > 1 0.0) 
data[i] = 10.0; 
if (data[i] < -10.0) 
data[i] = -10.0; 
DAQmxErrChk (DAQmxBaseCreateTask("",&taskHandle)) ; 
DAQmxErrChk 
(DAQmxBaseCreateAOVoltageChan (task Handle, chan ,'"', min, max, D AQmx_ Val_ Volts, NULL)); 
DAQmxErrChk 
(DAQmxBaseCfgSampCikTiming(taskHandle,'"' ,sampleRate,DAQmx_Vai_Rising,DAQmx_Vai_ContSamp 
s,samplesPerChan)) ; 
DAQmxErrChk (DAQmxBaseWriteAnalogF64(taskHandle,samplesPerChan, 
0, timeout, DAQmx_ Val_ GroupByChannel ,data, &pointsWritten, NULL)); 
DAQmxErrChk (DAQmxBaseStartTask(taskHandle)) ; 
gRunning = 1; 
II The loop will quit after 1 0 seconds 
startTime = time(NULL); 
while( gRunning && !done && time(NULL)<startTime + DUration ) { 
DAQmxErrChk (DAQmxBaselsTaskDone(taskHandle,&done)) ; 
if( !done ) 
usleep(1 00000) ; 
Error: 
} 
if( DAQmxFailed(error)) 
DAQmxBaseGetExtended Errorlnfo( errBuff, 2048); 
if( taskHandle!=O ) { 
} 
DAQmxBaseStop Task(taskHandle); 
DAQmxBaseCiearTask(taskHandle); 
if( DAQmxFailed(error)) 
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printf ("DAQmxBase Error %d: %s\n", error, errBuff); 
-(void) GenerateAnalogSquareWave :(NSString*) Dev1 CTR :(float64) Amp :(float64) Freq :(float64) 
DUration :(float64) DCoffset 
{ 
static int gRunning = 0 ; 
II Task parameters 
int32 error = 0; 
TaskHandle taskHandle = 0; 
int32 i = 0; 
char errBuff[2048]={'\0'}; 
time_t startTime; 
bool32 done=O; 
II Channel parameters 
char* chan= [Dev1CTR UTFBString] ; 
float64 min= -10.0; 
float64 max= 1 0.0; 
II Timing parameters 
ulnt64 samplesPerChan = 2*bufferSizeNI; 
float64 sampleRate = 2.0*5115.0*Freql10.0; 
II Data write parameters 
float64 data[2*bufferSizeN I]; 
int32 pointsWritten; 
float64 timeout= 1 0.0 ; 
for(; i<bufferSizeN I ;i++) 
{ 
data[i] =Amp+ DCoffset ; 
data[i+bufferSizeNI] =-Amp+ DCoffset; 
INerify data within valid range 
if (data[i] > 1 0.0) 
data[i] = 10.0; 
if (data[i] < -10.0) 
data[i] = -1 0.0; 
if (data[i+bufferSizeNI] > 10.0) 
data[i+bufferSizeNI] = 1 0.0; 
if (data[i+bufferSizeNI] < -10.0) 
data[i+bufferSizeNI] = -10.0 ; 
DAQmxErrChk (DAQmxBaseCreateTask("" ,&taskHandle)); 
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DAQmxErrChk 
(DAQmxBaseCreateAOVoltageChan(taskHandle,chan , "'',min, max, DAQmx_ Val_ Volts, NULL)); 
DAQmxErrChk 
(DAQmxBaseCfgSampCikTiming(taskHandle,'"',sampleRate,DAQmx_Vai_Rising,DAQmx_Vai_ContSamp 
s,samplesPerChan)) ; 
DAQmxErrChk (DAQmxBaseWriteAnalogF64(taskHandle,samplesPerChan, 
0, timeout, DAQmx_ Val_ GroupByChannel , data,&pointsWritten, NULL)) ; 
DAQmxErrChk (DAQmxBaseStartTask(taskHandle)) ; 
gRunning = 1; 
//The loop will quit after 10 seconds 
startTime = time(NULL); 
while( gRunning && !done && time(NULL)<startTime + DUration ) { 
DAQmxErrChk (DAQmxBaselsTaskDone(taskHandle,&done)) ; 
if( !done ) 
usleep(100000) ; 
Error : 
} 
if( DAQmxFailed(error)) 
DAQm xBaseGetExtended Errorlnfo( errBuff,2048) ; 
if( taskHandle!=O) { 
} 
DAQmxBaseStop Task(taskHandle) ; 
DAQmxBaseCiearTask(taskHandle); 
if( DAQmxFailed(error) ) 
printf ("DAQmxBase Error %d: %s\n" , error, errBuff) ; 
-(void) GenerateAnalogPulseTrain :(NSString*) Dev1CTR :(float64) Amp :(float64) Freq :(float64) 
DUration :(float64) Width 
{ 
static int gRunning = 0 ; 
II Task parameters 
int32 error= 0; 
TaskHandle taskHandle = 0; 
char errBuff[2048]={'\0'}; 
time_t startTime; 
bool32 done=O; 
II Channel parameters 
char* chan = [Dev1 CTR UTF8String]; 
float64 min= -10.0; 
float64 max= 10.0; 
II Timing parameters 
ulnt64 samplesPerChan = bufferSizeNI ; 
float64 sampleRate = 5115.0*Freq/10.0; 
II Data write parameters 
float64 data[bufferSizeN I] ; 
int32 pointsWritten; 
float64 timeout= 10.0; 
II I Ill IIIII/ Ill Ill I 
static int i; 
for(i=O ;i<bufferSizeN I ;i++) 
{ 
if (i < (bufferSizeNI*Width*Freq)) 
data[i] =Amp; 
if (i > (bufferSizeNI*Width*Freq)) 
data[i] = 0.0; 
/Nerify data within valid range 
if (data[i] > 1 0.0) 
data[i] = 10.0; 
if (data[i] < -1 0.0) 
} 
lllllll/llllllll 
data[i] = -10.0; 
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DAQmxErrChk (DAQmxBaseCreateTask("",&taskHandle)) ; 
DAQmxErrChk 
(DAQmxBaseCreateAOVoltageChan(taskHandle,chan, "",min, max, DAQmx_ Val_ Volts, NULL)) ; 
DAQmxErrChk 
(DAQmxBaseCfgSampCikTiming(taskHandle,"",sampleRate,DAQmx_Vai_Rising,DAQmx_Vai_ContSamp 
s,samplesPerChan)) ; 
DAQmxErrChk (DAQmxBaseWriteAnalogF64(taskHandle,samplesPerChan, 
0, timeout, D AQmx_ Val_ G roupByChannel , data, &pointsWritten, NULL)) ; 
DAQmxErrChk (DAQmxBaseStartTask(taskHandle)) ; 
gRunning = 1 ; 
II The loop will quit after 10 seconds 
startTime = time(NULL) ; 
while( gRunning && !done && time(NULL)<startTime + DUration ) { 
DAQmxErrChk (DAQmxBaselsTaskDone(taskHandle,&done)); 
if( !done) 
usleep(1 00000) ; 
Error: 
} 
if( DAQmxFailed(error) ) 
DAQmxBaseGetExtendedErrorlnfo( errBuff ,2048) ; 
if( taskHandle !=O) { 
} 
DAQmxBaseStop Task(taskHandle) ; 
DAQmxBaseCiearTask(taskHandle) ; 
if( DAQmxFailed(error) ) 
printf ("DAQmxBase Error %d: %s\n", error, errBuff) ; 
-(void) GenerateAnalogSawWaveFinite :(NSString*) Dev1CTR :(float64) Amp :(float64) Freq :(float64) 
DC offset 
{ 
static int gRunning = 0; 
//Task parameters 
int32 error= 0; 
TaskHandle taskHandle = 0; 
int32 i = 0; 
char errBuff[2048]={'\0'}; 
time_t startTime; 
bool32 done=O; 
II Channel parameters 
char* chan= [Dev1CTR UTF8String]; 
float64 min= -10.0; 
float64 max= 10.0; 
II Timing parameters 
ulnt64 samplesPerChan = bufferSizeNI; 
float64 sampleRate = 5115.0*Freql10.0; 
II Data write parameters 
float64 data[bufferSizeNI]; 
int32 pointsWritten; 
float64 timeout= 10.0; 
for(;i<bufferSizeN I ;i++) 
{ 
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data[i] = Amp*(2.0*((double )i-( double )bufferSizeN 112.0)1( double )bufferSizeN I) + DCoffset; 
INerify data within valid range 
if (data[i] > 1 0.0) 
data[i] = 10.0; 
if (data[i] < -10.0) 
data[i] = -1 0.0; 
DAQmxErrChk (DAQmxBaseCreate Task("'' ,&taskHandle)); 
DAQmxErrChk 
(DAQmxBaseCreateAOVoltageChan(taskHandle,chan, "" ,min, max, DAQmx_ Val_ Volts, NULL)) ; 
DAQmxErrChk 
(DAQmxBaseCfgSampCikTiming(taskHandle, "" ,sampleRate, DAQmx_ Vai_Rising, DAQmx_ Vai_FiniteSam 
ps,samplesPerChan)); 
DAQmxErrChk (DAQmxBaseWriteAnalogF64(taskHandle,samplesPerChan, 
0, timeout, DAQmx_ Val_ GroupByChannel ,data, &pointsWritten, NULL)); 
DAQmxErrChk (DAQmxBaseStartTask(taskHandle)); 
gRunning = 1; 
II The loop will quit after DUration seconds 
while( gRunning && !done ) { 
DAQmxErrChk (DAQmxBaselsTaskDone(taskHandle,&done)); 
if( !done) 
usleep(1); 
Error: 
if( DAQmxFailed(error)) 
DAQmxBaseGetExtended Errorlnfo( err Buff ,2048); 
if( taskHandle!=O ) { 
DAQmxBaseStop Task(taskHandle); 
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DAQmxBaseCiearTask(taskHandle) ; 
} 
if( DAQmxFailed(error)) 
printf ("DAQmxBase Error %d: %s\n" , error, errBuff) ; 
} 
I I I I I II II I Ill I I II I I II I I Ill I II! I Ill I II II II II I II Ill II /IIIII I II II Ill Ill II I Ill IIIII I II II I II Ill II 
//Analog wave -two-channels output 
//l///////l//l/1111111111111111111//l////////!/l//l/1111111111111111////////////////l/111111 
-(void) GenerateAnalog2SineWave :(NSString*) Dev1 CTR :(float64) Amp :(float64) Freq :(float64) 
DUration :(float64) Phase 
{ 
static int gRunning = 0 ; 
II Task parameters 
int32 error= 0; 
TaskHandle taskHandle = 0; 
char errBuff[2048]={'\0'}; 
time_t startTime; 
bool32 done=O; 
II Channel parameters 
char* chan= [Dev1CTR UTF8String]; 
float64 min= -10.0; 
float64 max= 10.0; 
II Timing parameters 
ulnt64 samplesPerChan = bufferSizeNI ; 
float64 sampleRate = 5120.0*Freq/20.0; II FREQUENCY 
II Data write parameters 
float64 dataSine[2*bufferSizeNI]; 
int32 pointsWritten; 
float64 timeout= 10.0; 
Ill /Ill IIIII /////// 
static int i; 
for(i=O ;i<bufferSizeN I ;i++) 
{ 
dataSine[i] = Amp*sin(2.0*( double )i*2.0*PI/((double )bufferSizeN I)) ; 
dataSine[i+bufferSizeNI] = Amp*sin(-Phase*PI/180 + 2.0*(double)i*2 .0*PI/ 
((double)bufferSizeNI)) ; 
} 
/l/1111111111111 
DAQmxErrChk (DAQmxBaseCreateTask("",&taskHandle)); 
DAOmxErrChk 
(D AQmxBaseCreateAOVoltageChan(taskHandle ,chan, "" ,min, max, DAOmx_ Val_ Volts, NULL)) ; 
DAQmxErrChk 
(DAQmxBaseCfgSampCikTiming(taskHandle, "" ,sampleRate, DAQmx_ Vai_Rising , DAQmx_ Vai_ContSamp 
s,samplesPerChan)) ; 
DAOmxErrChk (DAOmxBaseWriteAnalogF64(taskHandle,samplesPerChan, 
0 ,timeout, DAQmx_ Val_ GroupByChannel ,dataSine ,&pointsWritten, NULL)) ; 
D AQmxErrChk (DAQmxBaseStartTask(taskHandle)) ; 
gRunning = 1; 
II The loop will quit after 10 seconds 
startTime = time(NULL) ; 
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while( gRunning && !done && time(NULL)<startTime+DUration ) { 
DAQmxErrChk (DAQmxBasels TaskDone(taskHandle,&done)) ; 
if( !done) 
usleep(100) ; 
} 
Error: 
if( DAQmxFailed(error)) 
DAQmxBaseGetExtendedErrorlnfo( errBuff ,2048); 
if( taskHandle!=O) { 
} 
DAQmxBaseStop Task(taskHandle); 
DAQmxBaseCiearTask(taskHandle) ; 
if( DAQmxFailed(error) ) 
printf ("DAQmxBase Error o/od : %s\n", error, errBuff); 
///////////////////////////////////////////////l/1////////////////////////////l/////////l/// 
//Analog special waves 
/////////////////l//l///////////l///l///l/////////////////l////l//////////l/11////////////// 
-(void) GenerateAnalogNSpiral2 :(NSString*) Dev1CTR :(float64) Amp :(float64) Freq :(float64) 
AngularStep 
{ 
float64 DUration= 10.0; 
float64 Phase = -90 ; 
static int gRunning = 0; 
II Task parameters 
int32 error = 0; 
TaskHandle taskHandle = 0; 
char errBuff(2048]={'\0'}; 
time_t startTime; 
bool32 done=O; 
II Channel parameters 
char* chan = [Dev1 CTR UTF8String] ; 
float64 min= -10.0; 
float64 max= 10.0; 
II Timing parameters 
ulnt64 samplesPerChan = 5*bufferSizeNI; 
float64 sampleRate = 5120.0*Freq/10.0; II FREQUENCY 
II Data write parameters 
float64 dataSine[1 O*bufferSizeN I] ; 
int32 pointsWritten ; 
float64 timeout= 1 0.0; 
Ill /IIIII IIIII I I I I I 
static int i; 
static int k; 
for (k=O;k<5;k++) 
{ 
for(i=O;i<bufferSizeN I ;i++) 
{ 
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dataSine[i+bufferSizeNI*k] =(Amp+ AngularStep*(double)k)*sin((double)i*2.0*PI/ 
(double )bufferSizeN I) ; 
dataSine[i+bufferSizeNI*k+5*bufferSizeNI] =(Amp+ 
AngularStep*( double )k)*sin(Phase*PI/180 + (double )i *2.0*PI/( double )bufferSizeN I) ; 
} 
} 
/II II II II /II II II 
DAQmxErrChk (DAQmxBaseCreateTask("",&taskHandle)) ; 
DAQmxErrChk 
(D AQmxBaseCreateAOVoltageChan (taskHandle, chan,"" , min, max, D AQmx_ Val_ Volts, NULL)) ; 
DAQmxErrChk 
(DAQmxBaseCfgSam pCikTi m ing(taskHandle, "",sam pie Rate, D AQmx_ Vai_Risi ng, D AQmx_ Vai_FiniteSam 
ps,samplesPerChan)) ; 
DAQmxErrChk (DAQmxBaseWriteAnalogF64(taskHandle,samplesPerChan, 
0, timeout, D AQmx_ Val_ G roupByChannel ,dataS ine ,&pointsWritten, NULL)) ; 
startTime = time(NULL); 
DAQmxErrChk (DAQmxBaseStartTask(taskHandle)); 
gRunning = 1; 
II The loop will quit after DUration seconds 
while( gRunning && !done && time(NULL)<startTime+DUration ) { 
DAQmxErrChk (DAQmxBaselsTaskDone(taskHandle,&done)) ; 
if( !done) 
usleep(1 00) ; 
} 
Error: 
} 
if( DAQmxFailed(error)) 
DAQmxBaseGetExtended Errorl nfo( errBuff, 2048); 
if( taskHandle!=O ) { 
} 
DAQmxBaseStop Task(taskHandle) ; 
DAQmxBaseCiearTask(taskHandle) ; 
if( DAQmxFailed(error)) 
printf ("DAQmxBase Error %d: %s\n" , error, errBuff) ; 
-(void) GenerateSquareArea :(NSString*) Dev1CTR : (float64) Amp :(float64) Freq 
{ 
int bufferSizeS = 4000; 
int nline; 
nline =(int) round(Amp/0 .01 ); 
/INSLog(@"%d", nline) ; 
static int gRunning = 0; 
II Task parameters 
int32 error = 0 ; 
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TaskHandle taskHandle = 0; 
char errBuff[2048]={'\0'} ; 
bool32 done=O; 
II Channel parameters 
char* chan= [Dev1CTR UTF8String] ; 
float64 min= -10.0; 
float64 max = 1 0.0; 
II Timing parameters 
ulnt64 samplesPerChan = bufferSizeS ; 
float64 sample Rate= 1 OOO.O*(Freq/1 .25)*(2.8/Amp)*(100.0/(float64)nline) ; II FREQUENCY 
/INSLog(@"%0.3f", sampleRate) ; 
if (sample Rate> 30000) 
sampleRate = 30000; 
/!if (sampleRate >) 
II sampleRate = ; 
/INSLog(@"%0.3f", sampleRate) ; 
II Data write parameters 
float64 dataT[2*bufferSizeS]; 
int32 pointsWritten; 
float64 timeout= 10.0; 
///1//////// !Ill/// 
static inti ; 
static int j ; 
static int k; 
for(k=O;k<nline ;k++) 
{ 
for(i=O;i<2*bufferSizeS/nline ;i++) 
{ 
II dataT[i+k*bufferSizeS/nline] = Amp*sin(PI*(2.0*((double)nline*(double)i-
( (double )bufferSizeS/2. 0) )/( (double )bufferSizeS))) ; 
dataT[i+k*bufferSizeS/nline] = Amp*((2.0*((double)nline*(double)i-
((double)bufferSizeS/2.0))/((double)bufferSizeS))) ; 
} 
} 
forU=O;j<bufferSizeS ;j++) 
{ 
II data TU+bufferSizeS] = Amp*sin(PI/2.0*((2.0*(( double )j-(( double )bufferSizeS/2.0))/ 
((double )bufferSizeS)))); 
dataTU+bufferSizeS] = Amp*2.0*(( double )j-( (double )bufferSizeS/2.0))/ 
((double)bufferSizeS) ; ///To check 
} 
//Make sure it go back to zero immediately after the scanning 
dataT[bufferSizeS-1] = 0; 
dataT[bufferSizeS-2] = O; 
data T[2*bufferSizeS-1] = 0; 
dataT[2*bufferSizeS-2] = 0; 
/Ill//////////// 
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DAQmxErrChk (DAQmxBaseCreateTask("",&taskHandle)) ; 
DAQmxErrChk 
(DAQmxBaseCreateAOVoltageChan(taskHandle,chan, '"' ,min, max, D AQmx_ Val_ Volts, NULL)) ; 
DAQmxErrChk 
(DAQmxBaseCfgSampCikTiming(taskHandle, "" ,sampleRate, DAQmx_ Vai_Rising ,DAQmx_ Vai_FiniteSam 
ps,samplesPerChan)) ; 
DAQmxErrChk (DAQmxBaseWriteAnalogF64(taskHandle,samplesPerChan, 
0, timeout, D AQmx_ Val_ GroupByChannel, data T,&pointsWritten, NULL)); 
DAQmxErrChk (DAQmxBaseStartTask(taskHandle)) ; 
gRunning = 1; 
II The loop will quit after DUration seconds 
while( gRunning && !done ) { 
} 
DAQmxErrChk (DAQmxBaselsTaskDone(taskHandle,&done)) ; 
if( !done) 
usleep(1) ; 
Error: 
if( DAQmxFailed(error) ) 
DAQmxBaseGetExtended Errorlnfo( err8uff,2048) ; 
if( taskHandle!=O ) { 
} 
DAQmxBaseStop Task(taskHandle) ; 
DAQmxBaseCiearTask(taskHandle) ; 
if( DAQmxFailed(error)) 
printf ("DAQmxBase Error %d: %s\n", error, errBuff); 
llllllllllllllllllllllllllllllllllllllllllllll/111111111111111111111111111111111111111111111 
@end 
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